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Abstract
It has been widely believed that collisionless magnetic reconnection is
triggered when a current sheet thickness thins and becomes comparable to
the ion inertial scale. Here we challenge this argument by performing two-
dimensional kinetic simulations of magnetic reconnection triggering in anti-
parallel current sheets. In the simulations, the current sheet subject to re-
connection is lled with plasmas having temperature anisotropy (T?=Tk = 2,
where T? and Tk are temperatures perpendicular and parallel to the local
magnetic eld, respectively,) and its thickness (D = L=i, where L is the
half-thickness of the current sheet and i is the ion inertial length,) is larger
than unity. Previous studies showed that the growth rate of the tearing mode
enhanced by the anisotropy and the current sheet with D = 1, in which the
ordinary tearing mode is not eective in triggering vigorous reconnection, is
destabilized by the temperature anisotropy boosted tearing mode. What we
newly show here is that the temperature anisotropy boosted tearing mode
seeds explosive magnetic reconnection even in thicker initial current sheets
more than an order of magnitude of the ion scale. The highlighted results
are: (1) the ion-to-electron mass ratio is not an issue in this study allow-
ing us to explore the unprecedented large-D case mentioned above, and (2)
the maximum reconnection rate is independent of the initial sheet thickness
and peaks at  0:2 (in the widely used normalized unit). We also discuss
not only the physical process through which but also the border of the pa-
rameter space in which the nonlinear tearing mode evolves into explosive
magnetic reconnection and show that the anisotropic ion tearing mode plays
an important role for the triggering of explosive magnetic reconnection.
In addition to the explosive reconnection triggering via the tearing mode
boosted by the initially prepared temperature anisotropy, we also show the
explosive reconnection triggering via the mode boosted by the spontaneously
generated temperature anisotropy by compression of thick current sheets. A
one-dimensional pre-study shows that the compression is more eective to
make the plasma anisotropy than to thin the current sheet thickness. When
the lobe magnetic eld is amplied by a factor of 2, the plasma temper-
ature anisotropy inside the current sheet reaches 2 but the current sheet
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thickness is reduced only by 1=
p
2 because of the decrease in the ion inertial
scale. If a current sheet thickness needs to be comparable to the ion iner-
tial scale for reconnection triggering, the initial thickness cannot be more
than a few ion scale for reconnection to set-in. On the other hand, the
temperature anisotropy of 2 is eective for the triggering in thicker sheets.
Two-dimensional compression shows that the explosive magnetic reconnec-
tion takes place even in the large-D case. The maximum reconnection rate
reaches 0:2 (in a proper normalization), which is comparable to the incom-
ressive cases.
The explosive reconnection triggering is frequently discussed with the
mode coupling eects between the ordinary tearing instability and other cur-
rent driven instabilities having unstable wave lengths are out of the reconnec-
tion plane. The lower hybrid drift instability (LHDI), which is enhanced by
inhomogeneity of the plasma pressure at the edges of a current sheet, shows
the most eective coupling with the tearing instability because of its non-
linear thinning eect of the current sheet thickness and its plasma heating
perpendicular to the magnetic eld at the current sheet center. We perform
the two-dimensional simulations of the thick current sheet compression in
the orthogonal plane to the reconnection plane, in which reconnection and
the tearing mode are excluded but the LHDI is included. The results are
as follows: (1) the compression makes the gradient of the plasma density
steeper, which helps the LHDI to grow up to a signicant amplitude in the
sheet even with initially D = 4, and (2) in the sheet thicker than an order of
magnitude of the ion scale, however, the compression is too weak to modify
the prole of the current sheet to enhance the LHDI enough.
From the systematic series of simulations mentioned above, we conclude
that the temperature anisotropy boosted tearing mode is eective to trigger
magnetic reconnection having the explosive nature even in the current sheet
thicker than one order of magnitude of the ion scale without any support of
LHDI.
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Chapter 1
Introduction
In this chapter, the background of this thesis is introduced. In Section
1.1, it is shown that magnetic reconnection takes place in various plasma
environments. In Section 1.2, the essential physics of magnetic reconnection
is introduced. In Section 1.3, the trigger problem of magnetic reconnection
is introduced. In Section 1.4, a brief review of the historical developments on
magnetic reconnection is shown. In Section 1.5, the important results of the
Geospace Environmental Modeling (GEM) reconnection challenge program
are briey presented. In Section 1.6, some recent observations of thicknesses
of current sheets are shown. In Section 1.7, the tearing instability is shown
as a candidate of the trigger mechanism of magnetic reconnection. In Section
1.8, the parametric dependence of reconnection rates and amplitudes for a
large-scale reconnection is presented. In Section 1.9, it is shown that the
tearing instability is boosted up by temperature anisotropy. In Section 1.10,
a one-dimensional current sheet compression is shown. In Section 1.11, the
aim of this thesis is shown.
1.1 Magnetic Reconnection in Various Plasma
Environments
In this section, we introduce the rich variety of plasma environments
where reconnection occurs or is thought to occur.
It is the solar observations that are considered the dawns of longstanding
1
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and wide-ranging studies on magnetic reconnection. Solar ares are enor-
mous bursts of radiation often accompanied by the ejection of a large amount
of material from the solar atmosphere, or corona (Figure 1.1.1). Such large
scale ejections of mass from the corona into the interplanetary space is called
coronal mass ejections (CMEs). During ares the amount of energy up to
 1032erg is released and solar materials of 1016g are ejected over several
hundred seconds, which are the largest explosions in the solar system. The
standard model of a large are has been developed by many authors [e.g.,
Hirayama, 1974] and magnetic reconnection plays a fundamental role in the
model. According to them, magnetic reconnection is triggered by a certain
dissipation mechanism in a vertical current sheet formed by stretched coronal
magnetic arcades and drives ares and subsequent CMEs. The reconnection
accelerates particles down to the chromosphere and these high energy parti-
cles form hot, cusp-shaped are loops and two ribbon proles.
The temperature of the photosphere, or the solar surface, of the Sun
is about 6000K, while that of the solar corona is several million K. This
large gap in temperature is referred to the coronal heating problem. Mag-
netic reconnection is also though to be a key ingredient in this problem.
Parker [1983, 1988] suggested that the same mechanism producing large
ares also produces a large number of \nanoares" and they are responsible
for coronal heating. Parker [1988] estimated the energy of a typical nanoare
to be  1024erg and argued that the swarm of nanoares can provide the
 107ergcm 2s 1 required to heat the corona.
The Sun emits a highly conducting plasma at supersonic speeds of about
500km/s into the interplanetary space as a result of the supersonic expansion
of the solar corona [Parker , 1958]. This high speed plasma ow is called
the solar wind, and consists mainly of electrons and ions (protons). The
solar wind includes the hot and tenuous plasma (the proton temperature
and density are  105K and  10cm 3, respectively, at 1AU distant form the
Sun), so that the mean free path of a plasma particle is very large, comparable
to the distance between the Sun and the Earth. Therefore, the interplanetary
plasma is regarded as collisionless and a highly conducting uid. Because
of the high conductivity, the solar magnetic eld is transported with the
plasma and pulled outward by the expanding solar wind. This magnetic eld
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is termed the Interplanetary Magnetic Field (IMF), whose strength is several
nT near the Earth's orbit.
Due to the high conductivity of the solar wind, the terrestrial magnetic
eld is conned into a cavity generated in the solar wind, which is named
magnetosphere and the boundary is called magnetopause. The location of the
magnetopause is determined by the balance between the dynamic pressure
of the solar wind and the magnetic pressure of the terrestrial magnetic eld.
The sunward magnetopause on the equator of the Earth is located typically
at about 10 Earth radii. In the night-side of the magnetosphere, the long
tail, which is called magnetotail, pointing away from the Sun like comets is
formed. The tail consists of mainly two major parts; the plasma sheet is
bounded by the tail lobes. The plasma sheet contains hot (several KeV),
relatively dense (0.1-1cm 3) plasmas with its thickness of the order of the
Earth radius. On the other hand, the lobe regions are almost vacant but
have relatively strong magnetic eld ( 20nT). Therefore, the equilibrium
of the magnetotail is maintained by the pressure balance between the thermal
pressure in the plasma sheet and the magnetic pressure in the lobes.
Dungey [1961] rst suggested that magnetic reconnection takes place in
the magnetosphere as the interaction process between the solar wind and
the magnetosphere. When the solar wind transports IMF lines with a com-
ponent pointing southward, a magnetic neutral sheet is formed between the
eld lines and the northward-directed Earth's eld lines. Magnetic recon-
nection can be driven between these oppositely directed magnetic eld lines
in the sheet at the day-side magnetopause if there is nite electric resis-
tivity. The reconnected eld lines are dragged by the solar wind over the
poles, down the tail and stored in the lobe regions. As the magnetic ux
in the lobe is increased, the plasma sheet is compressed and becomes thin.
Finally, magnetic reconnection is suddenly triggered between the lobe eld
lines across the plasma sheet and explosively releases the stored magnetic
energy, resulting in a so-called magnetic substorm (see Figure 1.1.2). The
accelerated particles during magnetic reconnection are injected into the inner
magnetosphere. The beautiful discrete aurora at the polar regions is closely
related to this tail reconnection (Figure 1.1.3).
The role of magnetic reconnection in plasma environments beyond the
3
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solar system remains both speculative and controversial. Observations pro-
vide few evidence with which to constrain theories due to the large distance
involved. Nevertheless, one of the main reasons why magnetic reconnection
is often invoked in astrophysical phenomena such as stellar ares or galactic
magnetotails may come from the analogy between these environments and
the solar corona and the Earth's magnetosphere. However, especially, in ac-
cretion disks magnetic reconnection is thought to work as magnetic viscosity,
for which no counterpart exists in the solar system.
In addition to space plasmas, magnetic reconnection plays an important
role in laboratory plasmas, where plasma can be treated as collisionless be-
cause of a large mean free path compared with the device size. Toroidal mag-
netic connement devices (Tokamaks) have been constructed for the purpose
of controlling thermonuclear fusion power. Experimental examples of mag-
netic reconnection are \sawtoothing". Sawtooth relaxation oscillations were
discovered by Von Goeler et al. [1974] in tokamak discharges. This oscilla-
tion is characterized by a periodic repetition of peaking and sudden attening
of the core temperature. Therefore, the prole of the temperature in time
would have a shape of sawtooth, hence the name (Figure 1.1.4). Kadomtsev
[1975] proposed an initially accepted theoretical model in which the rapid
drop in the central temperature was explained by a certain growing insta-
bility mediated by magnetic reconnection. However, as larger fusion devices
were developed, the time scale predicted by the Kadomtsev model was found
to be too slow to explain the observed crash times [Edwards et al., 1986]. A
complete theory of the sawtooth crash remains elusive. Nevertheless, due to
the importance of this problem and of magnetic reconnection in general, lab-
oratory experiments have dedicated to the study of the fundamental physics
of magnetic reconnection measuring key plasma parameters simultaneously
at large number of points in the reconnection region.
1.2 Importance of Magnetic Reconnection
The important aspects of magnetic reconnection are (1) the topological
rearrangement of magnetic eld lines, and (2) the conversion from magnetic
4
Figure 1.1.1: A solar are with an erupting prominence, with the Earth inset for
scale. Image taken by NASA's solar Dynamics Observatory (SDO) on August 31,
2012 (304 Angstroms). Copyright:NASA/SDO/AIA.
Figure 1.1.2: Plasma ow within the magnetosphere (convection) driven by mag-
netic reconnection for southward IMF periods. The numbered eld lines show the
successive motion of a geomagnetic eld line after reconnection with an IMF eld
line (1') at the subsolar magnetopause. Field lines 6 and 6' reconnect at a second
X-line in the magnetotail, after which the closed portion of reconnected eld lines
returns to the day-side. The inset shows the positions of the feet of the numbered
eld lines in the northern polar ionosphere and the corresponding plasma ows,
and antisunward ow in the polar cap, and a return ow at the lower latitudes.
This gure is adopted from Kivelson and Russell [1995].
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Figure 1.1.3: Aurora. European Space Agency astronaut Alexander Gerst
posted this photograph taken from the International Space Station. Copy-
right:/NASA/ESA/Alexander Gerst.
Figure 1.1.4: Core temperature of the DIII-D tokamak as a function of time during
a sawtooth crash. This gure is adopted from Lazarus et al. [2006]
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energy to plasma kinetic energy.
Fundamentally, the collisionless plasma has a high conductivity. Under
the condition, it is strongly tied to a magnetic eld line of force. This means
if a magnetic eld line initially moves with plasma population it will be so for
all times. This strong constraint is called as the frozen-in condition, which is
basically hold in the space plasma (except in the ionosphere or at the solar
surface) as well as in the laboratory plasma. From the frozen-in theorem,
magnetic eld lines are prohibited to intersect or break since the velocity of
the frozen-in plasma is required to change discontinuously at the break-point.
In other words, the topology of the magnetic eld lines can not change and
two plasma populations frozen into the two adjacent magnetic eld lines can
not be mixed.
However, the frozen-in condition sometimes breaks down in small local
regions where the scale size is very small, comparable to a characteristic
scale length of a plasma particle, in which certain diusion processes can
lead to trigger magnetic reconnection. Many observations support the fact
that the magnetic neutral lines are subject to the regions. Because of the
weakness of the magnetic eld in the neighborhood of the region, plasmas
are no longer tied to the magnetic eld line of force but are released from
the strong frozen-in condition. Without the condition, if electric elds are
imposed within the region, plasmas can almost freely interact with the elds.
Therefore, it is important to consider the motion of the individual plasma
but of the plasma population. Such kinetic interaction is though to be the
origin of the dissipation process, or the eective resistivity, during magnetic
reconnection. Once magnetic reconnection occurs in such a region between
the two magnetic eld lines with dierent plasma populations, now that
these populations become located along the same eld line and, therefore,
they are mixed up (Figure 1.2.1). Moreover, through magnetic reconnection,
enormous dissipation of the magnetic energy occurs and the magnetic energy
is converted to the plasma thermal and kinetic energies. Therefore, magnetic
reconnection is important for the plasma mixing and the production of high
energy particles.
As mentioned in the previous section, when the IMF lines turn to the
opposite direction against the inherent magnetic elds of the Earth, mag-
7
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Figure 1.2.1: Schematic illustration of the plasma mixing accompanied by magnetic
reconnection. The dierent patterns represent dierent plasma populations. Two
magnetic ux tubes A-B and C-D become A-D and B-C tubes through magnetic
reconnection, resulting in the plasma mixing.
netic reconnection is possible to occur between them at the day-side of the
magnetopause. The plasma having its origin in the solar corona, thereby,
start to directly come into the magnetosphere along the eld line. During
this process magnetic energy is converted to the plasma kinetic energy by
acceleration or heating of plasma particles. In short, the materials and ener-
gies are injected into the magnetosphere through the magnetic reconnection.
As a result, dynamical phenomena such as substorms or auroral activities
are driven in the magnetosphere. That is, magnetic reconnection plays a sig-
nicant role in convecting the materials and energies in the solar-terrestrial
system.
1.3 Trigger Problem
A common feature of the examples presented in the rst section is abrupt.
Since all of these events are mediated by magnetic reconnection, it stands for
that the explosive nature of these events is caused by the underlying physics
of magnetic reconnection under the collisionless plasma condition. However,
it is still poorly understood and remains as a fundamental issue, which is
often referred to the \trigger problem".
The trigger problem can be described by the following two statements:
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 What enables the system to be loaded with a large number of magnetic
elds over an extended period of time without a signicant release of
the magnetic energy and without triggering the \fast" reconnection?
 What is the trigger mechanism turning on magnetic reconnection hav-
ing a \fast" rate of the energy release, and what are the critical condi-
tions under which such a phase transition occurs?
The primary objective of this thesis is to nd the trigger agency holding
the above two statements.
1.4 MHD Treatment of Magnetic Reconnec-
tion
Historically, the idea of magnetic reconnection rst originated in the at-
tempts to explain the heating of the solar corona and the origin of the enor-
mous energy observed in solar ares. It has been recognized that solar ares
occur around sunspots where the stronger magnetic eld of several kilogauss
is observed than in the neighborhood. Such elds contain large magnetic en-
ergy. Therefore, an energy conversion mechanism from the magnetic energy
to plasma kinetic energies would explain the origin for the energy emitted by
a solar are.
However, a simple estimation of the resistive decay time of the magnetic
eld shows that the conversion of magnetic energy by Ohmic dissipation
is too slow (for many years) to explain the explosive nature of ares (for
several ten minutes). The classical resistivity is negligible since the corona
plasma is regarded as collisionless. Therefore, magnetic reconnection theories
have been concerned with the problem of the \fast" reconnection in order to
explain how in certain dynamic processes very small values of the classical
resistivity allow the rapid release of a large amount of the free magnetic
energy. Instead, the origin of energetic particles generated in solar ares were
suggested as accelerated particles in a magnetic neutral layer [e.g., Hoyle,
1949]. Dungey developed the basic picture of magnetic reconnection as a
topological change of magnetic elds with an energy release [e.g., Dungey ,
9
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1958].
The classical models of steady-state magnetic reconnection [Sweet , 1958;
Parker , 1957; Petschek , 1964] have been developed in the frame work of
(resistive) Magnetohydrodynamics (MHD) theory, where ions and electrons
are assumed to move together as a single uid and the frozen-in condition
is hold if resistivity is negligible. In the following paragraph, we make brief
reviews on the Sweet-Parker, and the Petschek models. For more detailed
reviews, see Zweibel and Yamada [2009]
In the Sweet-Parker model (Figure 1.4.1), the conversion process from
the magnetic energy to the plasma energy takes place in a diusion region,
where nite resistivity  is considered in the neighborhood of the magnetic
neutral line. In the absence of resistivity, no electric eld must be imposed in
the layer since magnetic eld is zero, while with resistivity the electric eld
is nonzero and is proportional to the current density and the resistivity. The
magnitude of the current density is related to the spatial scale of the reversed
magnetic eld components. Therefore, the reconnection time scale depends
on the characteristic system size of the magnetic elds and the resistivity.
From the ux conservation, the magnetic elds ow with plasma into and
out of the region of this model at the speed of vin  VA=
p
Rm and vout  VA,
respectively, where VA is the Alfven speed in upstream, Rm = V L= is the
magnetic Reynolds number with the magnetic permeability , the charac-
teristic ow speed V , and the characteristic system length L. Thereby, the
reconnection rate ESP is estimated as vin=vout  1=
p
Rm  10 4 for the
typical value of the electric resistivity in solar ares (Rm  108). This recon-
nection rate corresponds to the reconnection time scale of a few tens of days.
Compared this time scale with the resistive decay time, the Sweet-Parker
model allows much faster reconnection, but still too slow to explain the na-
ture. This serious discrepancy between the observed reconnection times and
the times predicted by the Sweet-Parker theory was improved by Petschek.
He proposed that inclusion of four slow shocks in the Sweet-Parker outow
region would greatly speed up the reconnection rate [Petschek , 1964]. In
the Petschek model (Figure 1.4.2), the four shocks are assumed to be formed
from the edges of a tiny diusion region, where a great portion of the dissipa-
tion of the reconnection process is produced by the shocks. The inow speed
10
Figure 1.4.1: Sketch of the Sweet-Parker model. The block arrows are magnetic
eld lines, the gray region represents the diusion region of 2L  2H, the red
arrows are plasma ow into and out of the region. The inow and outow speeds
and magnetic elds are Vin, V0, Bin and B0, respectively. The dissipation process
is taken place in the diusion region.
upstream of the shocks is proportional to the magnitude of the magnetic
eld perpendicular to the reconnection layer in downstream. On the other
hand the current density supporting the shock prole reduces the magnetic
eld just upstream of the diusion region, resulting in the reduction of the
reconnection rate. Therefore, there exists the upper limit of the reconnec-
tion rate of EPK  =(8 lnRm)  0:02 for Rm = 108 according to Petschek
[1964]. Thus the Petschek model predicts further faster reconnection than
the Sweet-Parker model, which is comparable to the observed rate. How-
ever, the validity of such a compact diusion region was not discussed in the
framework of the MHD in the Petschek model.
1.5 The Geospace Environment Modeling (GEM)
Reconnection Challenge: Hall eects
Magnetic reconnection has been described primarily through the MHD
theory [Parker , 1957; Sweet , 1958; Petschek , 1964]. However, the MHD
condition does not hold in a thin reconnection layer having a characteristic
thickness comparable to the ion inertial length i (i = c=!pi, where c is the
11
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Figure 1.4.2: Sketch of the Petschek model. The small diusion region (gray
square) of the length of 2L is embedded in the system length 2L in this model.
(In the Sweet-Parker model, the dissipation process takes place only in the diusion
region.) The block arrows are magnetic eld lines, the red arrows are plasma ow,
and the orange lines represents the slow shocks. The distant inow and outow
speeds and magnetic elds are Vin, Bin, V0, and B0, respectively. The dissipation
process is taken place in the diusion region and the shocks.
speed of light and !pi =
p
4ne2=mi is the ion plasma frequency). In such
a thin layer, ions and electrons are no longer treated as a single uid and
the two-uid eects, namely Hall eect due to the dierence between their
orbits, become important [Vasyliunas , 1975; Drake and Lee, 1977; Terasawa,
1983]. Therefore, the behavior of plasmas in the thin layer is not described
in the framework of the MHD.
From the late of 90's, a number of numerical simulations of the collision-
less magnetic reconnection are performed based on the two-uid, and kinetic
models in two-dimensional systems [e.g., Mandt et al., 1994; Biskamp et al.,
1997; Horiuchi and Sato, 1999]. These studies have demonstrated the rela-
tionship between the Hall term (J  B) in the generalized Ohm's law (see
Appendix A) and the fast magnetic reconnection. The importance of the Hall
term for the fast reconnection is highlighted by the Geospace Environmental
Modeling (GEM) Magnetic Reconnection Challenge [Birn et al., 2001a, and
references therein]. The GEM challenge is a systematic series of simulation
studies of antiparallel (without guide eld) magnetic reconnection based on
the various plasma simulation codes (MHD, Hall-MHD, which includes JB
and r  P in the generalized Ohm's law, hybrid, where treats electrons as
massless gas and ions as particles, and full particle). The aim of this chal-
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lenge is to nd an essential-minimum description of the fast reconnection
process or what controls reconnection rates. In these studies, magnetic re-
connection was initiated by an articial magnetic perturbation imposed in a
thin current sheet (less than the ion inertial length) to achieve a fast recon-
nection state quickly. The substantial amplitude of the perturbation makes
the reconnection process initially start from a nonlinear stage, in which un-
known triggering mechanisms of magnetic reconnection are skipped. From
the series of studies, they have concluded that the physics of dispersive waves
generated through the Hall term is the key element allowing the magnetic
reconnection to be fast [e.g., Birn et al., 2001a]. They have also revealed that
the reconnection rate is insensitive to the specic mechanism that breaks the
electron frozen-in condition such as resistivity or the electron inertia [e.g.,
Birn et al., 2001a; Shay and Drake, 1998]. In Figure 1.5.1, the reconnected
ux is shown as a function of time for dierent simulations using MHD, Hall
MHD, hybrid, and PIC codes. The reconnection rate is the gradient of the
increasing reconnected ux. As seen in Figure 1.5.1, all models except for
the MHD show equivalently faster rates than the MHD model. Note that the
mechanism for breaking the eld lines in various models diers. Therefore,
their results support the idea that the reconnection rate is insensitive to the
dissipation mechanism.
A common picture of the two-dimensional Hall reconnection is a quadrupole
prole of an out-of-plane magnetic eld. The prole is generated by net cir-
cular currents in the reconnection plane around an reconnection site due
to the dierence between the ion's and electron's orbits [e.g., Drake, 1995;
Drake et al., 2008; Karimabadi et al., 2007; Shay et al., 2007]. Therefore, the
prole of the quadrupole prole is evidence of the Hall eects. Actually, the
signature of the Hall reconnection have been detected not only in the mag-
netopause [Deng and Matsumoto, 2001] but also in the magnetotail [Nagai
et al., 2001; Asano et al., 2004; Nakamura et al., 2006; ieroset et al., 2001]
by Geotail, Cluster and Wind in situ observations. Laboratory experiments
also have reported the structure in the neutral sheet [Yamada et al., 2006].
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Figure 1.5.1: Time evolution of the reconnected ux for four dierent codes for
GEM projects: MHD, Hall MHD, hybrid, and full particle codes. This gure is
adopted from Birn et al. [2001a]
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1.6 Spacecraft and Satellite Observations: Thick-
nesses of Current Sheets
In the magnetosphere, thin current sheets comparable to the ion scale
have been widely detected by in situ observations of spacecrafts not only at
the magnetopause [e.g., Berchem and Russell , 1982] but also at the magne-
totail [e.g., Asano et al., 2004; Runov et al., 2005]. At the subsolar magne-
topause, current sheets are subject to the constant compression of the solar
wind against the magnetosphere. Berchem and Russell [1982] have shown
from the ISEE 1 and 2 observations that these sheets have the thickness com-
parable to a few ion inertial length. The latest observations of the dayside
magnetopause with MMS have detected that the thickness of the current
sheet near the reconnection site, or the X-line, is  0:5 ion inertial length
(88km for n  7cm 3) [Burch and Phan, 2016]. On the other hand, it is
expected that thin current sheets in the magnetotail are formed when the
solar energy is stored into the magnetosphere and the lobe magnetic eld is
increased. The pressure build-up in the lobe region compresses the plasma
sheet conned by the magnetic elds and can lead the thinning of the sheet
width. The build-up of the strength of the lobe magnetic eld corresponds
to the growth phase of substorms [e.g., Coroniti and Kennel , 1972]. Asano
et al. [2004] have statistically examined by using Geotail data the spatial dis-
tribution of current sheet thinning in the substorm growth phase, showing
that the half-thickness of the current sheet becomes temporarily or locally
as thin as or even less than 1000km which is comparable to the ion inertial
length (720km for n  0:1cm 3). Runov et al. [2005] also have statistically
shown by using Cluster data that the half-thicknesses of the current sheet
are ranged from 1 to 20 ion thermal gyroradii (with a mean value of 343
km). These in situ observations of current sheets having the thickness com-
parable to the ion scale support the fast reconnection in a thin current sheet
predicted by the GEM studies, though the trigger mechanism is ignored in
these studies.
On the contrary, the plasma condition and the characteristic spatial scale
in the solar corona are signicantly dierent from those in the magnetosphere.
In the solar corona the plasma density is typically  109cm 3, leading the
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much small ion inertial length  10m, while the typical size of solar ares
is 107 8m, which is much larger than the ion scale [Shibata and Takasao,
2016]. Such enormous gap between micro- and macro-scales (ratio of both
scales  106 7) in solar ares is quite dierent from the situation of plasmas
in the magnetosphere where both scales are not so dierent, only within a
factor of 100 [Terasawa et al., 2000]. In the solar corona, a vertical and
long current sheet is expected to be formed above the are loop when a
closed magnetic structure is highly stretched in solar conditions [Sturrock ,
1968]. Magnetic reconnection is considered to be taken place in the stretched
current sheet above the cusp-shaped are loop. Accompanied by the onset of
magnetic reconnection, a two-ribbon prole is brightened at the footpoints
of the are loop and hot plasma ejections are expected to be associated
with the expanding loop above the reconnection site (see Figure 1.6.1). Liu
et al. [2010] have shown from the observations of the EUV imaging telescope
on boarded the SOHO that the macroscopic width of the stretched current
sheet is 5   10Mm  105i as an upper limit. This large thickness of the
current sheet is much dierent from those observed in the magnetosphere.
Recall that the GEM project predicted that the fast reconnection is achieved
when the thickness of the current sheet becomes comparable to the ion scale.
Therefore, a fundamental question arises how such a large current sheet can
become thin comparable to the ion scale, or whether such a quite thick sheet
really thins down to the ion inertial length.
16
Figure 1.6.1: Plasmoid ejection model for compact loop ares. Note that plasmas
conned by a closed eld are called plasmoids. In the classic picture of the two
ribbon ares, the cool ( 104K) plasma associated with the twisted ux tube is
called lament, while hot (> 106K) plasma are expected to be ejected associated
with the tube. The cross-hatched region at the footpoints of the loop shows the
bright hard/soft X-ray sources and the hatched region shows predicted hard/soft
X-ray distant sources. This gure is adopted from Shibata et al. [1995].
1.7 Collisionless Tearing Instability
The tearing instability is one of the most potential candidates for the
process initiating magnetic reconnection. Historically, Dungey [1958] rst
proposed the concept that magnetic elds reconnect. According to his mech-
anism, a current sheet with nite resistivity can give rise to an unstably
growing current concentration, and can tear along current-ow lines so as
to form discrete parallel current laments. Furth et al. [1963] analytically
showed that the tearing mode is unstable in a resistive current layer in an in-
compressible hydromagnetic approximation. After these pioneering studies,
Laval et al. [1966]; Coppi et al. [1966] revealed that the mode is also unstable
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in the collisionless plasma due to the dissipative Landau resonance resulting
from nite particle inertia. Schindler [1974] tried to apply the (ion) tearing
instability to a breakup mechanism of substorms by studying the stability of
a magnetotail conguration.
The tearing instability accompanies the formation of magnetic islands,
which are closed small loop structures of magnetic eld line. These islands
tend to coalesce by the attracting force of current laments with the same
polarity [e.g., Pritchett and Wu, 1979; Biskamp and Welter , 1980]. As a re-
sult, the tearing instability decays nonlinearly by coalescence into the largest
wavelength mode in a conned nite system as the stored magnetic energy
is released. Therefore, the tearing instability is considered to represent the
initial state of magnetic reconnection.
From a number of in situ observations in the magnetotail, the thickness
of a current sheet is known to become as thin as the relevant ion spatial scale
at the end of the growth phase of substorms [Nakamura et al., 2006; Sergeev
et al., 1990; Runov et al., 2008]. Therefore, it is necessary for the tearing
instability to be the breakup mechanism that the mode grows signicantly
enough to cause explosive dissipation of the stored magnetic energy in such
a current sheet (D  1, where D is the half-thickness of a current sheet
normalized by the ion inertial length). The linear growth rate of the tearing
instability is known to increase as the thickness of a current sheet become
thinner [e.g., Dobrowolny , 1968]. Pritchett et al. [1991] theoretically and
numerically investigated the linear growth rate of the (ion) tearing instability
in an one-component plasma sheet conned by reversed magnetic elds with
the thickness comparable to the Larmor radius of a particle, showing a good
agreement between theoretical and numerical results. Recently by using two-
dimensional particle simulations, Tanaka et al. [2004] evaluated the eects of
an initial current sheet thickness on the tearing instability in the nonlinear
state. According to their results, however, the instability saturates without
producing signicant reconnection unless the sheet thickness is very thin
comparable to the electron inertial scale. Ricci et al. [2004] also showed that
the instability saturates at a low level in the sheet with the initial thickness
less than the ion spatial scale (D = 0:5). Therefore, the ion scale current
sheet is too thick to be destabilized by the tearing instability. However, the
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electron scale current sheets are rarely observed in the magnetotail.
Coupling eects of the current-driven instabilities [e.g., Daughton, 1998]
are not considered in these two-dimensional systems but should be in the real
world. The lower-hybrid drift instability (LHDI) [Krall and Liewer , 1971] is
driven by the diamagnetic current produced by pressure inhomogeneity and
can be excited around the outer edges of a current sheet. Recently, it has
been known that the instability has an impact on the tearing instability in a
nonlinear manner [Shinohara and Fujimoto, 2005; Tanaka et al., 2004; Ricci
et al., 2004; Horiuchi and Sato, 1999; Lapenta and Brackbill , 2002]. The
enhancement of the LHDI reduces the diamagnetic current locally at the
outer edges [Huba et al., 1980], which in turn induces non-local redistribution
of current density within the current sheet [Daughton, 2003]. Shinohara and
Fujimoto [2005] revealed in a three-dimensional system with D = 0:5 that
the current compensation eect at the current sheet center associated with
the current sheet thinning leads to the enhancement of the tearing instability,
resulting in the explosive magnetic reconnection quickly. In addition, Tanaka
et al. [2005] showed in a three-dimensional system with D = 0:875 the quick
triggering by the mode coupling eects. Although these results are obtained
on condition that the thickness of current sheets is the ion scale but still
less than the ion inertial length (D < 1), it has been widely accepted that
the explosive magnetic reconnection is potentially initiated by the tearing
instability with the help of the LHDI when the thickness of the current sheet
becomes comparable to the ion scale.
The above opinion may be adequate for the trigger mechanism as far as
in the Earth's magnetosphere since current sheets with the thickness com-
parable to the ion inertial scale are observed. In this thesis, however, we
challenge to question it. One reason is the existence of extraordinary thick
current sheets in the solar corona as shown in the previous section. It is
suspicious whether such a thick sheet ( 105D) becomes thin comparable to
the ion scale ( D).
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Figure 1.7.1: Schematic illustration of the two plasma instabilities. The current
sheet jy is conned by the reversed magnetic eld conguration Bx. The tearing
instability is excited inside the current sheet in the X-Z plane, whereas the lower-
hybrid drift instability is excited at the edges of the current sheet in the Y-Z plane.
This gure is adopted from the Ph.D thesis of Tanaka, [2005].
1.8 Parametric Dependence on the Explosive
Magnetic Reconnection
As shown in the previous sections, the thickness of a current sheet be-
comes an issue for the initiation of magnetic reconnection. In this section, we
show that the thickness can arise other problems for the explosive nature of
magnetic reconnection even though the initiation is managed to be enforced
by an articial perturbation like in the GEM project.
1.8.1 Scaling Law of the Reconnection Rate
The GEM studies have revealed that the reconnection rate in the quasi-
steady state is insensitive to the specic dissipation mechanism. In other
words, the reconnection rate does not depend on electron kinetic aspects
such as the electron mass and the electron temperature in that state [Birn
et al., 2001a; Shay and Drake, 1998]. Therefore, the ion dynamics should
control the reconnection rate. As for ion kinetic eects, Shay et al. [1999]
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have shown that the ion temperature has only a slight eect on reconnection
rates. Shay and Drake [1998] have claimed that asymptotic reconnection
rates attain to be the universal constant which is independent of everything
but the inow Alfven speed in a system sized equilibrium current sheet. In
addition, Huba and Rudakov [2004] have demonstrated the independence of
asymptotic reconnection rates from the initial current sheet thickness by
Hall MHD simulations. On the other hand, in analytical and numerical
studies of a double current sheet model with a large guide magnetic eld
Bz0, Bhattacharjee et al. [2005] have questioned the validity of the above
strong claim about the universal constant, showing that reconnection rates
depend on e=L, i=L, where L represents the thickness of a current sheet,
s = c=!ps with plasma frequency !ps of species s, i = (eBz0=mic)
p
Te=Ti
is the ion sound gyro radius. In addition, Wang et al. [2006] have shown the
(i=L)
1=2 scaling of the steady-state reconnection rate.
While the above studies targeted the steady-state reconnection rate, in
this section, we focus on reconnection rates in early-stages. The reason for
this is that we are interested in understanding the triggering of reconnection,
and studying reconnection rate in early stages is a natural step towards our
goal. Here the early stages are when a small magnetic island slowly forms and
when a subsequent explosive enhancement in the reconnection rate is seen.
We mark the end of an early phase at the time when a reconnection rate
hits its peak. Magnetic reconnection across a current sheet (reconnection of
two eld lines that used to be in the lobes on two dierent sides of a current
sheet) is already achieved when the reconnection rate peaks and the current
sheet is ready for a yet larger-scale development. Impulsive behavior is a
very common feature of reconnection dynamics in space and astrophysics
[e.g. Tsuneta, 1996]. A study on reconnection rates in early-stages up to the
peak certainly touches on one of the most attractive topics in space plasma
physics.
In contrast to the confusing status of the steady state reconnection rate
issue, there is a general agreement that the maximum reconnection rate in
the late explosive phase would depend on i=L. Discordance, however, still
remains since some authors have shown that the maximum reconnection
rate scales as (i=L)
1=2 [Hesse and Schindler , 2001; Wang et al., 2001], and
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others as (i=L)
3=2 [Fitzpatrick , 2004].
In the next section, we show clearly how a reconnection rate in the early
stages depends on the initial current sheet thickness for the antiparallel sit-
uation. GEM-like initialization is taken. The GEM-like studies ignores the
triggering mechanism of reconnection, but the method is widely used for
investigating the behavior of magnetic reconnection and physical processes
surrounding reconnection. Unlike previous research within the framework of
Hall-MHD or two uid except for Hesse and Schindler [2001], we employ a
full kinetic approach. We also show that the scaling law is not dependent
on the amplitude of an initial perturbation as long as it is above the limit
which reconnection saturates at a low level. In addition, we show the limit is
independent of the ion-to-electron mass ratio but is dependent on the current
sheet thickness.
1.8.2 GEM-like Studies
Simulation Setup
We use 2 1/2-dimensional electromagnetic Particle-In-Cell (PIC) code,
where three components of elds and velocities (x, y, and z components), and
two space (x, z components) dimensions are considered. (For details of our
simulation scheme, see Hoshino [1987].) The out-of-plane is in the y direction.
As the initial condition, we make use of the well-known Harris current sheet
for simplicity [Harris , 1962]; Bx(z) = B0 tanh(z=L), ncs = n0= cosh
2(z=L),
Jy(z) = encs(Ui + Ue) and Ui=Ue =  Ti;cs=Te;cs. Here L represents the half-
thickness of the current sheet. The ion-electron temperature ratio inside
the current sheet is set to be Ti;cs=Te;cs = 8 so that ions mainly carry the
cross-eld current. The electron frequency ratio is set to be !pe=
ce = 1,
where !pe, 
ce are the electron plasma frequency and the electron cyclotron
frequency, respectively. The electron thermal velocity is set to be veth=c =
1=3, where c is the speed of light. A stationary cold background plasma is
distributed outside the current sheet; nbk(z) = n0;bk[1  cosh 2(z=L)], where
n0;bk=n0 = 0:1 and Te;bk = Ti;bk = Te;cs. This background prole causes a weak
pressure imbalance but the imbalance is quickly relaxed without causing any
signicant modication of the current sheet structure so that it does not
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aect results presented below.
We introduce the two dimensionless parameters; the ion-to-electron mass
ratio M  mi=me and the ratio of the current sheet half-thickness to the ion
inertia length D  L=i, where i = c=!pi based on ncs is the ion inertia
length. In order to revisit the issue of these eects on a reconnection process,
ve runs with dierent M and D are performed (run 1, 2A, 3, 4, and 5A).
In these runs M and D vary in the range from 25 to 400 and from 0:5 to 2,
respectively. The simulation box size is Lx  Lz = 30  30 normalized by
L, corresponding to 960  960 grids when M = 100, and  109 particles
for both ions and electrons are employed. The boundaries in the x direction
are periodic, while the conducting walls are set at the boundaries in the z
direction. The spacial grid of  = 0:9375De (De: Debye length) and the
time step of t = 0:15625
 1ce are adopted, respectively, and 1600 particles
per grid represent the unit density. The initial condition and the boundary
condition are summarized in Figure 1.8.1.
Magnetic reconnection is initiated at the center of the current sheet
by a small ux perturbation denoted by the vector potential Ay(x; z) =
 2LB1 exp[ (x2 + z2)=(2L)2], where B1=B0 = 0:1. Here we dene the re-
connected magnetic ux  as the amount of the decrease in the reconnecting
magnetic ux upstream of an X-line as,
(t) =
1
2
Z
jB0 tanh(z=L) Bx(x; z)jdz; (1.1)
where the integration is performed over the simulation box along the z axis.
If there appear multiple X-lines, the integration is conducted upstream of
the dominant X-line (hereafter major X-line). The reconnected ux dened
in this way corresponds to the sum of magnetic ux between the major X-
line and the major O-line. The initial reconnected ux 0 is 0=B0L = 0:2.
We dene reconnection rates ER as the time derivative of the reconnected
magnetic ux  described by Equation (1.1) and normalized by VAB0. In
the system with no guide eld and with a narrow equilibrium current sheet,
the reconnection rate does not need to be normalized by the magnetic eld
just upstream of the current sheet since it is constant in time.
Full Particle simulations in a very large simulation box are limited due to
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Table 1.1: Simulation parameters.
Run M D Lx(= Lz) 0=(B0L) i=grids
1 100 1.0 30 0.2 32
2A 25 1.0 30 0.2 16
2B 25 1.0 60 0.2 16
3 100 0.5 30 0.2 32
4 400 0.5 30 0.2 64
5A 25 2.0 30 0.2 16
5B 25 2.0 30 0.1 16
5C 25 2.0 30 0.075 16
5D 25 2.0 30 0.05 16
5E 25 4.0 30 0.075 16
5F 100 2.0 30 0.075 32
5G 100 2.0 30 0.05 32
computational costs, but the comparison between results of dierent system
sizes allows us to see the eects of the boundary condition on the results.
From this point of view, an additional run (run 2B) with the box size of
60 60, while keeping all the other physical parameters the same as run 2A,
is performed. Besides, in order to investigate the dependence of reconnection
process on the initial perturbation amplitude, three additional runs (runs 5B,
5C, and 5D) with the same parameters as run 5A but the dierent initial ux
0=(B0L) = 0:1, 0:075 and 0:05, respectively, are performed. Furthermore,
in order to investigate the D and M dependence on the initial perturbation
amplitude for the explosive growth, the other three runs (runs 5E, 5F and
5G) are also performed. All the runs presented here are summarized in Table
1.1.
Scaling Law for the Early Stage
In general, the time history of a reconnection process is characterized
by the reconnected ux or the reconnection rate. Monitoring these time
histories is useful to comprehend the whole behavior of reconnection. When
comparing the behavior of reconnection processes in current sheets having
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Figure 1.8.1: Schematic illustration of the initial condition and the boundary
condition. Dashed black arrows are x, z axes, and solid red arrows represent
magnetic elds Bx, blue region represents the current sheet, in which the initial
perturbation is imposed. The periodic boundary condition is set in the x direction
and the conducting walls are set at the z boundaries. The simulation box size is
Lx  Lz.
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dierent thicknesses, however, the time series data are not the best ones.
Indeed, as shown in Figure 1.8.2 (a), which illustrates the time histories of
the reconnected ux from the six runs, the comparison is not easy because the
time scales of reconnection for dierent thicknesses dier greatly. In order to
overcome this diculty, we monitor a reconnection process through the E 
diagram in where the reconnection rate is plotted versus the reconnected ux
normalized by B0L. Figure 1.8.2 (b) shows the E   diagram produced by
the results from the same six runs as in Figure 1.8.2 (a). In all of the six
runs, the same amplitude (0:2B0L) is assigned for the initial perturbation
so that each curve in the E    diagram starts at the same point when the
reconnection rate ER equals zero. As reconnection proceeds the reconnection
rate gradually increases but still remains at a low level in the developmental
phase (=(B0L) < 0:25). It is followed by the explosive phase which creates
the peak in the reconnection rate when =(B0L)  2:5 is achieved. In all
runs, a single X-line locates at the center of the current sheet and persists
during the entire evolution. Therefore there is no eect of secondary islands
on the reconnection process.
The curves of the six runs can be classied into three groups according to
the current sheet thickness ((Run 1, 2A, 2B),(Run 3, 4),(Run 5A)), reecting
the dependence of the reconnection rate on the sheet thickness. Note that
the ratio of the half thickness of the current sheet to the ion skin depth is
D = 1 in run 1, 2A and 2B, D = 0:5 in run 3 and 4 and D = 2 in run 5A.
The ion-to-electron mass ratio is also changed in the range from M = 25 to
400 but it hardly aects the reconnection rate [e.g. Hesse et al., 1999]. For
example, the two curves from run 1 and run 2A, where only the mass ratio
is dierent, are almost equivalent.
In order to reveal the D-dependence, we re-scale the vertical axis by D1=2
as shown in Figure 1.8.2 (c) to obtain remarkable overlap with among the six
proles up to the stage when the reconnection rate maximizes. This is clear
evidence that the reconnection rate depends on the current sheet thickness as
D 1=2 without dependence on the mass ratio M . In contrast, in later stages
(=(B0L) > 3:5) the agreement is obscured since the behaviour of an X-line
starts to be aected by the boundary eects. Indeed, comparing the results
from run 2A and 2B, where the box size in run 2B is doubled from that
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in run 2A, the curves are overlapping in the early phase of =(B0L) < 3:5
including the reconnection peak epoch. That is, the domain size of 30L is
large enough to investigate the D-dependence of the reconnection rate in the
early phase without boundary eects.
The reconnection rate is supported by the electron nongyrotropy at the
X-line, which represents the gradient of the o-diagonal component of the
electron pressure tensor Peyz from the generalized Ohm's law. We directly
conrm the D-dependence of the reconnection rate by comparing the proles
of the component in the runs having dierent D, and M . Figure 1.8.3 shows
that the z prole of the component in the vicinity of the X-line in the four runs
of 1, 2A, 3, and 5A. The X-line locates at z = 0. Note that the normalization
of the vertical axis includes D 1=2. In this gure, the sloops of the component
at the X-line of the four runs are identical, indicating that the reconnection
rate is dependent on D 1=2 but on M . This result is consistent with the
above scaling obtained in the E    diagram.
In order to see how the amplitude of the initial perturbation aects the
subsequent development of magnetic reconnection, we performed three ad-
ditional simulations (run 5B, 5C and 5D) with dierent amplitudes of 0:1,
0:075 and 0:05, respectively (in the units of B0L), for the initial pertur-
bation. Other parameters are the same as run 5A. Figure 1.8.4 (a) shows
the time history of the reconnected ux in run 5A and the additional three
runs. The smaller amplitude makes the developmental phase longer and if
the amplitude is smaller than a critical value, between 0:05 and 0:075 in this
case, it does not lead to the explosive growth that enables two lobe eld
lines on the dierent sides of the current sheet to reconnect. In this thick
current sheet, D = 2, lled with an isotropic plasma, the tearing instability,
when excited spontaneously, saturates at a low level that does not modify
the current sheet structure substantially. Only when boosted enough by the
perturbation given initially (with the amplitude of 0:075 and above in this
case), the X-line continues to grow and eventually the explosive phase sets-in.
Figure 1.8.4 (b) displays the E  diagram for runs 5A, 5B and 5C. Note
that the logarithmic scale is adopted for the horizontal axis in order to show
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Figure 1.8.2: (a) Time history of the reconnected ux  and (b) Reconnection rates
ER, (c) the rescaled reconnection rates E

R  ERD1=2 as function of reconnected
ux  in six runs. (a) The reconnection process is substantially slower when
the sheet width is thicker. (b) While the reconnection rate in run 1, 2A, and
2B, overlaps with each other as well as that in run 3 and 4 in the early stage
of magnetic reconnection (=(B0L) < 2), (c) all of the rate overlap in the stage.
Note that run 1, 2A and 2B have the sameM as well as run 3 and 4 do. Therefore
the reconnection rate does not depend on M but clearly depends on D 1=2 in the
phase.
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Figure 1.8.3: Z prole of the o-diagonal component of the electron pressure tensor
in four runs at =(B0L) = 1 (neighboring seven points average along the x axis).
The gradient of the component at the X-line is identical among them. The nor-
malization of the vertical axis includes D 1=2, which means that the reconnection
rate depends on D 1=2 but not M .
the small amplitude phase clearly. The three curves in Figure 2b overlap
among themselves up to the peak of the reconnection rates, indicating the
independence of the scaling law from the amplitude of the initial perturbation
as long as it is above the critical value.
D and M Dependence of Critical Amplitude
The D 1=2-dependence of the reconnection rate in the early-stage has
been clearly given in the E  diagram. This result is consistent with Wang
et al. [2001] and Hesse and Schindler [2001]. We also have shown that the
law is independent of the amplitude of the initial perturbation as long as it
is above the critical value. This means that when the magnetic perturbation
given in a current sheet is above the specic value, the reconnection process
would evolve along the scaling law and exhaust over the magnetic ux within
the current sheet. That is, there exists a certain level of initial perturbation
for the large-scale development. In our case, we have obtained the level
between 0:05 and 0:075B0L (D = 2;M = 25).
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Figure 1.8.4: (a) Time history of reconnected ux  in four runs, where the dif-
ferent amplitudes of the initial perturbation are given to trigger reconnection. In
all runs except for run 5D, which is given the weakest perturbation, reconnection
proceeds until a single magnetic island occupies the entire numerical domain. (b)
Reconnection rates ER as a function of  in three runs plotted on a logarith-
mic scale for the horizontal axis. All curves have a good agreement with each
other except for the dierence between the starting points caused by the initial
perturbation.
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From the aspect of the triggering of magnetic reconnection, the critical
amplitude would be a criterion to be achieved by the tearing instability or
others excited in a current sheet. In this sense, it is necessary for further in-
vestigations of the parameter dependence of the criterion. We perform three
additional simulations (runs 5E, 5F, and 5G), to see how the critical ampli-
tude depends on D, and M . Run 5E is given the same physical parameters
as run 5C but D = 4 and runs 5F and 5G are given the same parameters
as run 5C and 5D, respectively, but M = 100. Figure 1.8.5 shows the time
evolution of the reconnected ux from runs 5C and 5E. The amplitude of
the initial perturbation is equivalent between both runs (0:075B0L). In this
gure, while run 5C (D = 2) undergoes the explosive growth, run 5E (D = 4)
saturates at a low level. This indicates that the critical value depends on D
when it is normalized by B0L. Figure 1.8.6 also shows the time evolution
of the reconnected ux from runs 5C, 5D, 5F, and 5G. The amplitude of
the initial perturbation is equivalent between runs 5C and 5F (0:075B0L),
between runs 5D and 5G (0:05B0L), respectively. Although runs 5C and 5F
have dierent M as well as runs 5D and 5G, the temporal behavior is iden-
tical, respectively. This indicates that the critical amplitude is independent
of M .
GEM-like initialization studies presented in this section give us two im-
portant arguments; (1) the D 1=2-dependence of the reconnection rate and
(2) the D-dependence but M -independence of the critical amplitude. In par-
ticular, the D-dependence provides diculties in triggering magnetic recon-
nection with the explosive nature in a thick current sheet such as observed in
the solar corona (D  105). That is, perturbations with a substantial ampli-
tude need to trigger magnetic reconnection in a thick current sheet in spite of
the low saturation level of the spontaneous tearing instability in such a thick
sheet. Furthermore, the explosive reconnection with a fast rate observed in
the solar corona is never realized as long as the reconnection rate depends
on D 1=2.
The GEM-like studies presented in this section ignores the trigger mecha-
nism. These are imposed an articial perturbation for the triggering instead.
However, the results obtained from the GEM-like studies show the require-
ments for the proper trigger mechanism of magnetic reconnection: One is
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Figure 1.8.5: Time evolution of the reconnected ux from runs 5C and 5E with dif-
ferent thicknesses. The amplitude of the initial perturbation is equivalent between
both runs (0:07B0L). While run 5C (D = 2) undergoes the explosive growth, run
5E (D = 4) saturates at a low level, indicating the critical value depends on D.
to make the substantial amplitude much beyond the level produced by the
ordinary tearing instability even in a thick sheet, and the other is to avoid
the D-dependent feature of the reconnection rate.
1.9 Eects of Anisotropy
In the collisionless plasma, the motion of particles parallel to the mag-
netic eld is decoupled from the perpendicular motion and, therefore, the
temperature anisotropy (s = Ts?=Tsk) is likely to exist, where Ts? and Tsk
are temperatures of species s perpendicular and parallel to the magnetic eld,
respectively. Actually, satellite observations show that in the magnetosheath
the ion anisotropy is typically i  1:3 [e.g., Phan et al., 1994] and the elec-
trons also have e > 1 [e.g., Gosling et al., 1989]. Also in the magnetotail,
the ion anisotropy (i > 1) can be spontaneously generated by the velocity
lter eect.
Laval and Pellat [1968] rst showed that the properties of the collisionless
tearing instability are strongly modied by even weak temperature anisotropy
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Figure 1.8.6: Time evolution of the reconnected ux from runs 5C, 5D, 5F, and
5G having the same thickness D = 2, but dierent M . While M = 25 in runs 5C
and 5D, M = 100 in runs 5F and 5G. The critical amplitude is independent of M
in comparison between runs having dierent M .
from an energy principle analysis. Chen and Davidson [1981] found that the
range of unstable wavenumbers is reduced for i < 1 and is increased for
i > 1 from a Vlasov-uid analysis. A number of the subsequent studies
reported that the tearing instability with  > 1 has nite growth at short
wavelengths beyond the isotropic limit of those and the maximal wavelength
is shifted shorter, and the linear growth rate becomes much larger than that
of the isotropic tearing in the broad range of the unstable wavenumbers
[Ricci et al., 2004; Karimabadi , 2004, 2005a; Quest et al., 2010; Chen and
Palmadesso, 1983; Chen et al., 1984]. According to the linear Vlasov calcu-
lation of Karimabadi [2004], for example, small levels of electron anisotropy
e  1:1 lead to almost two orders of magnitude increase in the tearing
growth rate. The strong modication of the tearing instability is due to the
mode coupling with the Weibel instability [Weibel , 1959], resulting in that
the additional anisotropic term attributed to the Lorentz force appears in
the dispersion relation so that the linear growth curve as a function of the
wavelengths locates between the isotropic tearing and Weibel [Karimabadi ,
2004; Quest et al., 2010]. Hereafter, we call the tearing instability with  > 1
as the anisotropic tearing instability (ATI).
Since anisotropy pushes tearing to short wavelengths, the electron anisotropy
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excites many unstable modes in a conned nite system, and these modes
decay to longer wavelengths by coalescence, making the system evolve to
a much larger amplitude of islands than without anisotropy [Karimabadi ,
2004]. The essential physics is that the longer wavelengths are less suscepti-
ble to a decrease in the electron anisotropy. Karimabadi [2004] demonstrated
in a two-dimensional system that the ATI with e = 1:5 reaches the ion scale
saturation amplitude as required to obtain signicant reconnection even in a
current sheet with the thickness equal to the ion Larmor radius.
The current density redistribution as the nonlinear eect of the LHDI
not only enhances the current density at the center of a current sheet but
also generates the electron anisotropy of e > 1 within the sheet [Daughton
et al., 2004; Ricci et al., 2004]. It is conrmed by Ricci et al. [2004]; Tanaka
et al. [2005] in three-dimensional kinetic simulations with D = 1 that the
tearing instability is boosted up by the electron anisotropy generated by the
nonlinear eect of the LHDI, leading signicant reconnection beyond the
sheet width. The electron anisotropy, or the three-dimensional eects, do
speed-up the reconnection process, but do not elevate the nal saturation
level of the tearing instability [Haijima et al., 2008; Tanaka et al., 2011]. On
the other hand, the ion anisotropy elevates the nal level [Tanaka et al., 2009,
2011]. Tanaka et al. [2011] showed in two-dimensional kinetic simulations
with a current sheet of D = 1 lled with anisotropic plasmas (e = 2) that
large enough reconnection is achieved only if there is the ion temperature
anisotropy of i > 1:5. Thus, it has been known that the ATI with not
only the electron anisotropy but also the ion anisotropy has a potential to
destabilize the ion scale current sheet.
1.10 Compression of a Current Sheet
A simple way to thin a current sheet may be compression. In this section,
we consider theoretically and numerically how much eective compression
thins a sheet width.
First, we revisit the compression of a current sheet in a theoretical aspect
on the basis of the previous study [Drake et al., 1981; Braginskii , 1965]. We
consider a one-dimensional slab geometry with a nonuniform, unidirectional
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magnetic eld in the x direction B = B(z)e^x, which connes a plasma density
n(z). In the two uid regime, which consists of ions and electrons, the
continuity equation and the momentum equation is written by
@ns
@t
+
nsVsz
@z
= 0; (1.2)
qs(E + Vs B=c) rPs=ns = 0 (1.3)
where E is electric eld, and qs, Vs, ns, and Ps(= nsTs) are the charge, veloc-
ity, density, and pressure of species s, respectively. We have neglected inertial
eects because we are considering compression process which is slow com-
pared with the compressional Alfven and acoustic propagation times across
the system. Also, for simplicity we have neglected collisions. The electric
and magnetic elds are described by the scalar potential  and the vector
potential A, respectively, as
B(z) = r A; (1.4)
E(z) =  r  1
c
@A
@t
(1.5)
We assume quasi-neutrality n = ni = ne so that  = 0. Therefore, we
consider only the inductive electric eld E(z)e^y =  (1=c)(@A=@t)e^y. From
the y and z components of the momentum equation, respectively, we obtain
that
Vz =
cEy
Bx
; (1.6)
Vsy =
c
qsnBx
@nsTs
@z
: (1.7)
Making use of Equation (1.6), the continuity equation reduces as
@n
@t
+
@(cEyn=Bx)
@z
= 0: (1.8)
The current density Jy =
P
s(nqsVsy) produces the rotation of the magnetic
eld from Ampere's law as
@Bx
@z
=   4
Bx
@nT
@z
; (1.9)
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where T =
P
s Ts. The integral along the z axis of this equation yields the
pressure balance condition
B2x
8
+ nT =
B2l
8
; (1.10)
where Bl is the magnetic eld at the outer boundary of the system and is
allowed to vary in time for compression.
Assuming the two dimensional adiabatic heating of a plasma perpen-
dicular to magnetic eld during compression (T / N), the heat transport
equation is written by
@T
@t
+
@TVz
@z
=  T @Vx
@z
; (1.11)
where joule heating is neglected due to the lack of collisions. From Equation
(1.4), Equation (1.5), and Equation (1.6), this equation becomes
@
@t
+ Vz
@
@z

T
Bx

= 0: (1.12)
Similarly, Using the pressure balance relation the continuity equation Equa-
tion (1.8) becomes 
@
@t
+ Vz
@
@z

n
Bx

= 0: (1.13)
We now eliminate the convective terms associated with the induced electric
eld via the coordinate transformation ( = t;  =
R
Bx=B0dz, where B0 =
Bl(0))
@
@

T
Bx

= 0; (1.14)
@
@

n
Bx

= 0: (1.15)
The pressure balance relation then requires
@
@

Bl
Bx

= 0; (1.16)
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which has the solution Bgx as
Bgx(; ) = Bx(; 0)

Bl()
B0

: (1.17)
Equation (1.14), Equation (1.15), and Equation (1.16) form a set of equations
which describe the evolution of the magnetic eld, temperature and density
with the time dependent magnetic eld Bl. This set of equations shows,
for example, when Bl doubles, the plasma density n, and the temperature
perpendicular to the magnetic eld T also double. In particular, we consider
to adapt this relationship to the initial magnetic eld prole B(z; t = 0) =
Bl(t = 0) tanh(z=L), where L is the scale length of the current layer. When
the current layer is compressed by doubling Bl, the current layer scale L
should be halved. However, it is not the case in a proper normalization.
The current layer scale must be measured in the normalization of the ion
inertial scale as mentioned in the previous section when the trigger problem
of the explosive reconnection is considered. Recall that the inertial scale is
proportional to 1=
p
n. That is, as the density increases during compression,
the ion scale diminishes. Therefore, when Bl doubles, the current sheet
layer scale normalized by the ion inertial scale does not become halved but
diminishes only by 1=
p
2 times. On the other hand, when Bl doubles, the
temperature anisotropy also doubles. As a consequence, the compression
of the current sheet is not eective to thin the sheet width but eective to
generate the temperature anisotropy.
The above argument is simple and useful to infer the temporal evolution
of a current sheet. However, it may not be precise since the assumption of
the two-dimensional adiabatic heating perpendicular to the magnetic eld
(T / N) can be broken in the vicinity of the current sheet center due to the
demagnetization of plasmas in a weak magnetic eld. The adiabatic heating
is valid for magnetized plasmas in a strong magnetic eld. In order to verify
the argument, numerical studies are useful. Previously, the changes of the
current sheet structure and the plasma properties at the neutral sheet during
the plasma sheet compression have been studied in a one-dimensional Harris-
type sheet by using the PIC simulation [Hoshino, 2005; Schindler and Hesse,
2008]. Schindler and Hesse [2008] have shown that the underling physics of
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the bifurcations of the ion and electron current densities (see in detail in
Chapter 3). Hoshino [2005] have shown that the approximately adiabatic
heating is valid for ions (T / N1:29) but for electrons the non-adiabatic
strong heating occurs (T / N2:66). Consequently, the compression process is
eective to make the anisotropy inside the current sheet but less eective to
thin the current sheet thickness.
1.11 Aim of This Thesis
The aim of this thesis is to nd the triggering mechanism of magnetic
reconnection having the explosive nature even in a thick current sheet with
the initial thickness larger than the characteristic ion spatial scale. Two-
dimensional large-scale numerical simulations have been carried out using
full particle method, in which plasmas are treated as particles and collision-
less, making full use of supercomputers. Thereby, we see physical phenomena
from the microscopic perspective. In contrast to the GEM project, magnetic
reconnection is triggered spontaneously in our simulations to investigate the
trigger agency and processes to the triggering. Unlike the previous studies on
magnetic reconnection, the tearing instability, and the LHD instability in a
thin current sheet less than the ion scale, our interest is in those in an order of
magnitude thicker current sheet than the ion scale. Our goal is to reveal the
realistic trigger mechanism in such a thick sheet by clarifying the parametric
dependence on the evolution of magnetic reconnection and these instabilities.
In order to realize this, sophisticated parameter surveys have been carried
out in the initial current sheet thickness, the ion-to-electron mass ratio, the
simulation box size, and the ion and electron anisotropies. The motivation
to consider this thick current sheet comes from the existence of huge current
sheets in the ion units observed in the solar corona. Magnetic reconnection
is widely considered to be triggered when the thickness of a current sheet
become comparable to the ion scale. However, it is suspicious for the huge
current sheet to be thin comparable to the ion scale. This study is a rst
step to address this fundamental and remaining question. The initial settings
are intended to model the magnetotail environment of the Earth in order to
make it easy to compare with the previous studies. The organization of this
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thesis is as follows: In chapter 2, we investigate the parametric dependence
on the properties of the ATI and magnetic reconnection. The temperature
anisotropy is pre-prepared in current sheets. We show that the ATI initiates
the explosive magnetic reconnection even in a thick current sheet. In chapter
3, we demonstrate the two-dimensional current sheet compression and show
that the explosive reconnection is triggered via the ATI with the sponta-
neously generated anisotropy by the compression even in a thick sheet. We
also show that the LHD instability is not excited signicantly in such a thick
sheet. In chapter 4, we summarize the results and make a conclusion of this
thesis.
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Chapter 2
Triggering of Magnetic
Reconnection via Anisotropic
Tearing Instability
2.1 Introduction
As shown in the previous chapter, the anisotropic tearing instability (ATI)
leads to the explosive magnetic reconnection in a current sheet with the
thickness comparable to the ion inertial length (D = 1) [Tanaka et al., 2005].
The ATI has a potential to be a triggering mechanism for the explosive
reconnection in a thicker sheet than the ion scale. However, the previous
studies are limited to the relatively thin current sheets no more than D =
1. One of the reasons for this limitation is due to a computational cost.
In simulation studies, of course, it is necessary to perform with realistic
parameters. In particular the ion-to-electron mass ratio M needs to be set
a realistically high value (M = 1836 in the real) in order to prevent an
unrealistically strong coupling between ions and electrons in simulations of
plasma instabilities. That is, there is a possibility for the real properties
of instabilities not to be realized unless the realistically high value is used.
For example, previous studies have shown that the current driven drift kink
instability is excited in a current sheet in an articially lowM case (M = 25),
but is hardly excited in realistically high M cases (M > 200) since it has a
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strongly M -dependent growth rate [Daughton, 1998]. However, the higher
M requires the more computational costs. In addition, when a large current
sheet width is considered with the high M , the diculty arises in simulating
within a realistic time even with the use of super computers. Nevertheless, as
shown below, we have bypassed this diculty by discoveringM -independence
properties of the ATI. These discoveries allow us to explore large D and large
box cases since there is no longer need to set M high. In this chapter, we
investigate the possibility of the ATI for the trigger mechanism in a thick
sheet by performing the PIC simulations on condition that the antiparallel
magnetic elds conne a current sheet with the thickness of up to D = 32.
This chapter is organized as follows. The two-dimensional numerical
model is described in section 2. The simulation results in the small box
cases and the large box cases are shown in section 3, and 4, respectively. We
discuss the ATI as a trigger mechanism of the explosive magnetic reconnec-
tion based on the results in section 5. We summarize the results in section
6.
2.2 Simulation Setup
We use the 2 1/2-dimensional PIC code, where three components of elds
and velocities (x, y, and z components), and two spatial dimensions (x,
z components) are considered. (For details of our simulation scheme, see
Hoshino [1987]). The out-of-plane is in the y direction. The Harris current
sheet [Harris , 1962] lled with plasmas having the temperature anisotropy;
Bx(z) = B0 tanh(z=L), ncs = n0= cosh
2(z=L), Jy(z) = encs(Ui + Ue) and
Ui=Ue =  Ti?;cs=Te?;cs, is used as the initial condition. Here L represents
the half-thickness of the current sheet and Ts?;cs = Tsyy;cs = Tszz;cs is the
temperature perpendicular to the magnetic eld of species s inside the current
sheet. The temperature anisotropy is dened as s  Ts?;cs=Tsk;cs, where
Tsk;cs = Tsxx;cs is the temperature parallel to the magnetic eld of species
s. The anisotropy is given by reducing the x direction thermal velocity. We
set to be Ti?;cs=Te?;cs = 8 so that ions mainly carry the cross-eld current.
The electron frequency ratio is set to be !pe=
ce = 1, where !pe, 
ce are the
electron plasma frequency and the electron cyclotron frequency, respectively.
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The electron thermal velocity is set to be ve?;th=c = 1=3, where c is the
speed of light. A stationary cold background plasma is distributed outside
the current sheet; nbk(z) = n0;bk[1   cosh 2(z=L)], where n0;bk=n0 = 0:1
and Te;bk = Ti;bk = Tek;cs. The background plasmas are isotropic. This
background prole causes a weak pressure imbalance but the imbalance is
quickly relaxed without causing any signicant modication of the current
sheet structure so that it does not aect results presented below.
We use the two dimensionless parameters; the ion-to-electron mass ratio
M  mi=me and the ratio of the half-thickness of the current sheet to the
ion inertia length D  L=i, where i = c=
ci based on ncs is the ion inertia
length. We x the ion and electron anisotropy to be i = e = 2 unless
specied below but vary M , D, and the system size Lx(= Lz), which is
normalized by L, in the range from 25 to 400, from 2 to 32, and from 12 to
30, respectively. The size of Lx = 12 corresponds to the wavelength of the
fastest growing mode of the isotropic tearing instability [Brittnacher et al.,
1995]. The periodic boundary condition is set in the x direction, while the
conduction walls are set at the z boundaries. No initial magnetic perturbation
is imposed in the system. In the small box case (Lx = 12) presented in Section
2.4, the spacial grid of =De = 2=3 (De: Debye length) and the time step
of t
ce = 1=9 are adopted, respectively, and 512 particles per grid represent
the unit density. In the large box case (Lx = 30) presented in Section 2.5,
  0:9375De and t  0:15625
 1ce are adopted, respectively, and 1600
particles per grid represent the unit density. The initial condition and the
boundary condition are summarized in Figure 2.2.1.
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Figure 2.2.1: Schematic illustration of the initial condition and the boundary con-
dition. Dashed black arrows are x, z axes, and solid red arrows represent mag-
netic elds Bx, blue region represents the current sheet, in which the temperature
anisotropy is set to be  = 2. The periodic boundary condition is set in the x
direction and the conducting walls are set at the z boundaries. The simulation
box size is Lx  Lz.
2.3 Diagnostics
Before heading the result section, we dene in advance the following quan-
tities used in our analysis: The singular layer, the reconnected magnetic ux,
and the maximum island half-width. First, the singular layer width ds of
species s is dened as ds =
p
2sLL, where sL = vs?;th=
cs is the Larmor
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radius of species s in the asymptotic magnetic eld B0 and, for simplicity,
its temporal variation is not considered. Second, the maximum half-width of
islands is dened as a geometric width as the largest separation in the z direc-
tion between the current sheet center and the magnetic eld line crossing the
major X-line, which is the dominant reconnection line dened by the bottom
of the vector potential Ay on the neutral line (see Figure 2.3.1). (Namely,
the largest z along the magnetic eld line crossing the major X-line.) Third,
the reconnected magnetic ux  is dened as the amount of the decrease in
the reconnecting magnetic ux upstream of the major X-line, which is the
same denition in Section 1.8 if there exists only one X-line.
Figure 2.3.1: Schematic illustration for the denition of the maximum half-width
of islands. Dashed black lines represent axes, solid red lines are magnetic elds
(magnetic islands). The major X-line, which is the dominant reconnection line
dened by the bottom of the vector potential Ay on the neutral line, is located
at the origin. The Maximum half-width is measured as a geometric width as
the largest separation in the z direction between the current sheet center and the
magnetic eld line crossing the major X-line.
2.4 Results in Small Simulation Box Cases
In this section, we set the system size of Lx = 12 and vary M and D in
order to investigate the parametric dependence of the ATI. In particular, we
focus on the nal saturation width of the magnetic island and the maximum
reconnection rate during the nonlinear stage of the ATI since our interest
is in how much amplitude of the perturbations the ATI makes in a current
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sheet and in how fast the amplitude grows. These two indexes are useful
to quantitatively estimate the eciency of the ATI for the triggering of the
explosive reconnection. As shown below, we discover the M -independence of
these indexes by comparing the results of cases with dierent M . The cases
presented in this section is summarized in Table 2.1
Table 2.1: Cases presented in Section 2.4.
M D Lx(= Lz) i e
400 2.0 12 2 2
400 4.0 12 2 2
25 2.0 12 2 2
25 4.0 12 2 2
25 8.0 12 2 2
25 16.0 12 2 2
25 32.0 12 2 2
2.4.1 M Dependence
The ATI in the small simulation box can be divided into mainly three
stages; the electron tearing instability boosted by the electron anisotropy, the
magnetic island coalescence process, and the ion tearing instability boosted
by the ion anisotropy and then the system saturates. Figure 2.4.1 shows the
time history of the ATI in the case of D = 2 and M = 400. Figure 2.4.1 (a)
is the color contour plot of the reconnected magnetic eld Bz at the center of
the current sheet. The vertical and horizontal axes represent the location of
x and time, respectively. Figure 2.4.1 (b) and Figure 2.4.1 (c) show the time
evolution of the maximum half-width of magnetic islands in the z direction,
and of the electron (green) and ion anisotropies (red) averaged within each
of the singular layer. The rst stage is the growth of the electron ATI,
corresponding to a large number of positive and negative pairs of Bz (Figure
2.4.1 (a)), the rst jump of the island width at the expense of the electron
anisotropy by the rst several ion gyroperiods (Figure 2.4.1 (b) and Figure
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2.4.1 (c)), which is consistent with the fact that the free energy of the electron
ATI is the electron anisotropy. Next, the island coalescence process occurs by
t
ci  80, corresponding to the decrease in the number of the pairs (Figure
2.4.1 (a)) and the gradual growth of the maximum island width (Figure 2.4.1
(b)). Finally, the the ion ATI grows at the expense of the ion anisotropy,
corresponding to the steep drop of the ion anisotropy between t
ci = 80 and
t
ci = 140 (Figure 2.4.1 (c)) and the second jump of the island width (Figure
2.4.1 (b)), which is also consistent with that the free energy of the ion mode
is the ion anisotropy. The nal thickness of the island becomes comparable
to the system size beyond the initial current sheet half-thickness.
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Figure 2.4.1: Results of D = 2, M = 400, and Lx = 12. (a) x-t diagram of the
normal component of magnetic eld along z = 0. Time history of (b) the maximum
magnetic island width and (c) i and e averaged in the each singular layer. The
anisotropic electron tearing mode grows at the expense of the electron anisotropy
for several ion gyro periods after the start of the simulation, corresponding a
large number of positive and negative pairs of Bz in the x-t diagram, the rst
jump of the island width, and the steep drop of the electron anisotropy. The
coalescence between the islands occurs by t
ci  80, corresponding the decrease
in the number of the positive/negative Bz pairs and the gradual increase of the
island width. Finally, the anisotropic ion tearing mode grows at the expense of
the ion anisotropy, corresponding the steep drop of the ion anisotropy.
To see the M dependence of the saturation width of the island, we replot
the time evolution of the maximum island width not only in the case of
D = 2 and M = 400 but also in the three cases having dierent M and D in
Figure 2.4.2. In this gure, comparing between the case of D = 2, M = 400
(green) and the case of D = 2, M = 25 (red), one can nd that the nal
saturation width of the island is at the same level at around  4i. Similarly,
the saturation width of the island in the cases of D = 4, M = 400 (purple)
and D = 4, M = 25 (blue) reach the same level at around  8i. This
means that the growth of the island saturates at the level independent of M
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as long as D is the same. On the other hand, the electron ATI saturates at
the same amplitude as long as M is the same, which can be learned from
the comparison between the cases having the same M but dierent D, for
example the cases of D = 2, M = 25 (red) and D = 4, M = 25 (blue). In
addition, the saturation level of the electron ATI depends on M as roughly
M 1=4
We also investigate theM dependence of the maximum reconnection rate
in the ATI. Figure 2.4.3 depicts the reconnection rate ER as a function of
the reconnected ux  (E    diagram) in the same four cases as in Figure
2.4.2. The horizontal axis is plotted on a logarithmic scale and in the range
between 0:01 and 2, focusing on only the ion ATI. In this gure, comparison
between the case of D = 2, M = 400 (green) and the case of D = 2,
M = 25 (red) leads one to nd that the maximum reconnection rate almost
reaches the same value ( 0:1VAB0) or is slightly faster in the M = 400
case than in the M = 25 case. The same feature is obtained in the D = 4
cases but the amplitude is lower (see blue and purple curves in Figure 2.4.3).
This indicates that the maximum reconnection rate during the ion ATI is
approximately independent of M as long as D is the same and is tend to
decrease as D increases. In addition, the saturation level of the reconnected
ux is also independent of M , which is consistent with the M -independent
saturation amplitude of the island.
We have found that the two signicant properties of the ATI which are
independent ofM . These properties indicate that once the ion ATI is excited,
the ion ATI grows at the same rate up to the same amplitude regardless of
M and as a function of D. As mentioned at the beginning of this chapter,
these two ndings allow us to explore larger D cases for investigating the D
dependence whose results are described in detail below.
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Figure 2.4.2: Comparison of the time evolution of the maximum half width of the
island in the z direction among four runs, where the parameter sets of D and M
are dierent but Lx is the same. Compared the cases with the same value of D,
the saturation width is found to be independent of M .
Figure 2.4.3: Comparison of the reconnection rates as a function of the reconnected
ux (E   diagram) among four runs, where the parameter sets of D and M are
dierent but Lx is the same. Comparing the cases with the same value of D, the
reconnection rate is slightly faster in the higher mass-ratio case of M = 400, but
the saturation level of the reconnected ux is the same.
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2.4.2 D Dependence
Figure 2.4.4 shows the time evolution of the maximum width of the island
in the ve cases, where D is in the range from 2 up to 32 and M = 25. The
nal amplitude of the ion ATI increases as D increases but converges at
around 10i. Note that the vertical axis is normalized not by L but by i.
This indicates that when the initial current sheet is relatively thin such as
D = 2, the island grows over the initial current sheet width, but when the
initial current sheet becomes thicker and thicker such as D = 32, the size of
the island does not reach the initial thickness of the current sheet. On the
other hand, the saturation amplitudes of the electron ATI in D = 2, and 32
are 0:5 0:8i and 2i, respectively, indicating that the saturation amplitude
depends on D1=3 1=2. In addition, from the comparison among these results,
the gradual growth rate of the island width tends to reduce as D becomes
larger. The validity of the D-dependence is discussed below.
Figure 2.4.5 shows the E  diagram in the same ve cases. The format is
the same as Figure 2.4.3, showing mainly the ion ATI phase. The maximum
reconnection rate decreases asD increases in this gure. While the maximum
reconnection rate reaches at  0:1VAB0 in the case of D = 2, it is at most
0:005VAB0 in the case of D = 32. In order to quantify the dependence, we
plot the maximum reconnection rate as a function of D in Figure 2.4.6. In
this gure, the closed red circles mark the maximum reconnection rates in
the ve cases, showing a D 1 dependence of the maximum reconnection rate.
The negative D-correlations between the island width and the initial
thickness of the current sheet, or between the reconnection rate and the
initial thickness of the current sheet may indicate the less eectiveness of
the ATI as the triggering perturbation for large-scale reconnection in a thick
sheet. Actually, the maximum reconnection rate during the ion ATI in the
large D case is less than 0:01, which does not achieve a fast rate ( 0:1VAB0).
In addition, the nal size of the island become smaller than the initial current
sheet width as D gets larger. Recall the results from the GEM-like numerical
experiments that there is the D-dependent critical amplitude of the initial
perturbation only above which the explosive triggering happens, as shown in
Chapter 1. Therefore, in the light of these results, one may reasonably think
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the ATI could not be the trigger mechanism of the explosive reconnection in
a thick sheet such as D = 16. However, if the nal saturation mechanism
of the ATI is understood, we may come up with a way to enhance the nal
amplitude to trigger the explosive reconnection. From this point of view,
Shimizu et al. [2016] give us a big hint. In the next subsection, we show the
mechanism by applying the idea in Shimizu et al. [2016].
Figure 2.4.4: Time evolution of the half width of the magnetic island in ve runs,
where the value of D is dierent but M = 25 and Lx = 12. The width saturates
at around 10i in the case of D  1, implying the island width does not reach the
width of the initial current sheet.
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Figure 2.4.5: E    diagram of ve runs, where the value of D is dierent but
M = 25 and Lx = 12. The ion tearing mode followed by the electron tearing mode
and the island coalescence grows and saturates. The maximum reconnection rate
during the ion tearing mode and the saturated level of the reconnected ux decrease
as the current sheet width increases.
Figure 2.4.6: Relationship between the maximum value of the reconnection rate
and the current sheet half-thickness in the small box cases. The maximum value
of the reconnection rate is proportional to D 1.
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2.4.3 Nonlinear Saturation Mechanism of ATI
There are mainly two saturation mechanisms of the electron tearing in-
stability in the linear and the nonlinear framework; the stabilizing eect of
electron heating parallel to the local magnetic eld [Laval and Pellat , 1968]
and the electron trapping eect [Karimabadi , 2004]. The former is the lin-
ear eect and the latter is the nonlinear eect. Theoretically, the tearing
instability has the stability limit of the electron parallel heating to the local
magnetic eld due to the degeneration of the all unstable modes [Laval and
Pellat , 1968]. In Figure 2.4.1 (b) and Figure 2.4.1 (c), however, the electron
temperature perpendicular to the magnetic eld is still superior to the paral-
lel temperature when the rst jump of the island occurs, indicating that the
former mechanism can be excluded in this system. On the other hand, the
latter mechanism is due to the electron trapping in the reconnected magnetic
eld and is related to the electron singular layer width de. When the island
size becomes comparable to the electron singular width, electrons no longer
freely interact with the inductive electric eld but the orbit of an electron
is modied by the reconnected magnetic eld. The linear growth stage of
the electron ATI ends and the nonlinear saturation stage starts. In the case
of D = 32 in Figure 2.4.4, the electron ATI has the clear saturation ampli-
tude of  2i. The electron singular width in D = 32 is also  2i for the
given physical parameters. In addition, the D-dependence of the saturation
amplitude obtained from the simulation results is between D1=3 and D1=2.
This dependence is consistent with the electron singular layer width because
of de =
p
2eLL / D1=2. These good agreement is the evidence that the
saturation mechanism of the electron ATI is due to the electron trapping
eect.
While the saturation mechanism of the electron ATI is clear, that of
the ion ATI, which is directly related to the triggering of the subsequent
large-scale magnetic reconnection, is still unclear. Of cause, the ion ATI
can be also modulated by the ion trapping eect similarly when the island
width becomes comparable to the ion singular layer width di. In the case of
D = 32 in Figure 2.4.4, the growth rate of the island width during the ion
ATI is modulated at around the ion singular width level, which is  7:75i
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for the given physical parameters. This may be related to the trapping eect
of ions. The nal saturation width (> 10i), however, is beyond the ion
singular width. Therefore, another mechanism should be considered.
Shimizu et al. [2016] have investigated the relationship between the time
evolution of the reconnection rate and the structure of the out-of-plane elec-
tric eld in the vicinity of an X-line in downstream in a two-dimensional
periodic system. They found that the reconnection process terminates when
the out-of-plane electric eld at the edge of the outer electron diusion region
(oEDR) becomes zero due to the blockage of the electron bulk ow away from
the X-line by the reconnected magnetic eld. Here, the oEDR is the portion
of the EDR in the vicinity of the X-line, in which Ey + (Vex B)y 6= 0 from
the generalized Ohm's law and electrons are decoupled from magnetic elds.
Especially, the region where Ey + (Vex  B)y > 0 is widely called the oEDR
as well as the region where Ey + (Vex B)y < 0 is the inner EDR (iEDR).
We focus on the case of D = 4, M = 25, and Lx = 12, showing that the
saturation mechanism proposed by Shimizu et al. [2016] can be adapted to
that of the ion ATI. Figure 2.4.7 shows the time evolution of the reconnection
rate in the case. The reconnection rate explosively grows after t
ci  50
during the ion ATI, hits the rst peak at t
ci = 200, and gradually drops.
The second peak of the reconnection rate is not an issue since it is due to
the bounce motion of the island after the saturation. To see how the out-
of-plane electric eld, Ey, in the vicinity of the major X-line changes with
the evolution of the reconnection rate, we plot the two proles of the electric
eld at the dierent times in Figure 2.4.8. Figure 2.4.8 (a) is the x prole
of Ey and the sign ipped electron motional electric eld,  (Vex  B)y, at
t
ci = 178, when the reconnection rate continues to grow and Figure 2.4.8
(b) is at t
ci = 200, when the rate hits the rst peak. In these gures, the
inner-most edge of the region where the two values are almost equal mark
the outer edge of the oEDR and Ey at x = 0 represents the reconnection
rate in Figure 2.4.7. The reconnection rate and Ey at the edge of the oEDR
at t
ci = 178 have almost the same value (Figure 2.4.8 (a)), indicating that
the magnetic ux reconnected at the X-line smoothly is transported out of
the oEDR and the eect of the periodic boundaries is negligible at this time.
At t
ci = 200, however, Ey at the edge of the oEDR drops to zero. This
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is because of the blockage against the electron outow from the X-line by
the piled up reconnected magnetic eld in the periodic system. It indicates
that the eect of the boundaries propagates into the oEDR and directly
blocks the electron outow from the X-line, which is necessary to maintain
the reconnection rate.
The blockage of the electron outow is the nal and critical condition
for the reconnection process to be halted. On the other hand, the magnetic
pressure is mainly balanced with the ion pressure since the ion temperature
is much larger than the electron's in this situation. Therefore, the saturation
process is mainly controlled by the ion physics. If the box size is xed in
the units of ion parameters, the electron scale such as the size of the EDR
is, of course, variable with the mass ratio, but the variation is negligible in
the ion scale box. As a result, the saturation amplitude is approximately
independent of M .
The saturation mechanism caused by the boundary eect allows us to
conceive a simple way to enhance the saturation level. In the next section,
we show the simulation results with the same initial parameter sets but with a
2.5 times as large simulation box (30L) as used in this section, demonstrating
whether or not the transition from the slow ATI phase to the explosive large-
scale reconnection phase occurs. This choice is on the basis of the fact that
periodic boundary conditions have no eect on the reconnection process in
the early stages in the simulation box of 30L [Shimizu et al., 2016].
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Figure 2.4.7: Result of D = 4, M = 25, and Lx = 12. Time history of the
reconnection rate. The reconnection process saturates at around t
ci = 200. The
second peak is due to the bounce motion of the island after the saturation.
Figure 2.4.8: Results of D = 4,M = 25, and Lx = 12. X prole of the out-of-plane
electric eld Ey and the sign ipped electron motional electric eld  (Vex  B)y
at (a) t = 178 and (b) t = 200 (averaged over one ion gyroperiod and the major
X-line is shifted to x=i = 0). While (a) is obtained at the time when ER grows,
(b) is obtained at the time when ER hits its rst peak (see Figure 2.4.7). Note
that the inner-most edge of the region where two valued are almost identical is the
outer-edge of the oEDR.
2.5 Results in Large Simulation Box Cases
In this section, we enlarge the system size to Lx = 30, x the mass ratio
M = 25 and vary the half-thickness of the current sheet D. We show the
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explosive large-scale reconnection is triggered even in the large D case such
as D = 16 via the electron and ion ATIs. The cases presented in Section 2.5
is summarized in Table 2.2.
Table 2.2: Cases presented in Section 2.5.
M D Lx(= Lz) i e
25 4 12 2 2
25 4 30 2 2
25 8 12 2 2
25 8 30 2 2
25 16 12 2 2
25 16 30 2 2
Figure 2.5.1 shows the time evolution of the reconnection rate from the
small and large simulation box cases with D = 16 and M = 25. In the
small box case (green), as shown above, the electron ATI is rst excited,
then the ion ATI is excited and saturates at the island width of 10i with
the maximum reconnection rate less than 0:01VAB0. In the large box case
(red), the system evolves in the same way as the small case until the ion ATI
phase because the dierence between these cases is only the system box size
(complete overlap with each other up to around t
ci = 600) (Figure 2.5.1).
However, the large box case shows the explosive growth of the reconnection
rate after t
ci = 640, when the reconnection process is about to terminate
in the small box case because of the boundary eect. The large box case
nally achieves the maximum reconnection rate faster than 0:1VAB0. The
instantaneous peaks of reconnection rate at around t = 950, 100, and 1200
are due to the generation of the small island at around the major X-line
and its ejection into downstream. Figure 2.5.2 shows the time evolution of
the maximum island width in the small and large box cases. In the small
box case, the saturation level of the ion ATI converges  10i. In contrast,
in the large box case, the island width evolves along the curve of the small
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box cases until t
ci = 640, but then explosively grows over 50i beyond the
initial half-thickness of the current sheet.
Thus, we have rst shown that the explosive large-scale magnetic recon-
nection having a fast rate is initiated via the ATI even in a thick sheet such
as D = 16. This result extends the application range of the ATI for the
trigger mechanism from the thin current sheet condition (D  1) to the un-
precedented large-D range. In the next subsection, to predict results in the
further large-D case, which is almost impossible to perform the simulation,
we investigate the D dependence of the properties of the explosive magnetic
reconnection triggered via the ATI.
Figure 2.5.1: Comparison between the results of Lx = 12 and Lx = 30 with
D = 16 and M = 25. Time history of the reconnection rate is shown. Only the
large box case undergoes the trigger of the explosive reconnection, resulting in the
fast reconnection rate over 0:1. The local peak at around t = 950, 1100 and 1200
is due to the generation of the small island at around the X-line and its ejection
downstream.
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Figure 2.5.2: Comparison between the results of Lx = 12 and Lx = 30 with D = 16
and M = 25. Time history of the maximum island width is shown. Only the large
box case undergoes the trigger of the explosive growth of the width.
2.5.1 D Dependence
The large simulation box enables the explosive magnetic reconnection
to be triggered, resulting in the fast reconnection rate and the exponential
growth of the island width. As shown in Chapter 1, the D-dependence of the
reconnection rate is a big issue when the explosive feature of the reconnec-
tion process is explained. Recall that maximum reconnection rate depends
on D as D 1=2 when the reconnection is initiated by the GEM-like articial
perturbation imposed in the current sheet. In contrast, the maximum rate
is fast over 0:1BAB0 even in the thick sheet (D = 16) when the explosive
reconnection is triggered via the ATI. To see the D dependence of the recon-
nection rate during the explosive phase, we plot the E    diagram of the
six cases, where D and Lx are dierent but M = 25 is xed, in Figure 2.5.3.
The range of the horizontal axis is from 0.1 to 2, focusing on the transition
from the ATI phase to the explosive reconnection phase. For example, while
the case of D = 16 and Lx = 12 (yellow) undergoes the ion ATI with the
maximum reconnection rate at about 0:05 and saturates, the case of D = 16
and Lx = 30 (light blue) has the phase transition from the ion ATI to the
explosive reconnection at =(B0L)  0:17 and maximum reconnection rate
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of over 0:1VAB0 is achieved. The other D cases, similarly, show the satura-
tion in the small box with the maximum reconnection rate below 0:1VAB0
but show the phase transition in the large box. Surprisingly, in all of the
large box cases regardless of D, the reconnection rate evolves along almost
an identical growth curve and reaches over 0:1VAB0. This indicates that the
reconnection rate becomes independent of D after the phase transition to the
explosive reconnection is achieved.
The D-independent reconnection rate has a massive potential in expla-
nation the explosive feature of magnetic reconnection observed in the real
world such as the solar corona, unlike the D-dependent reconnection rate
obtained in a traditional numerical experiment described in Chapter 1. In
the next section we discuss in detail the possibility of the ATI as a trigger-
ing mechanism of the explosive magnetic reconnection in the real world by
investigating further parametric dependence of the evolution of the system.
In order to clarify the point, we re-divide the system evolution into the three
stages: (1) The saturation of the electron ATI, (2) the saturation of the ion
ATI, and (3) the triggering the explosive magnetic reconnection.
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Figure 2.5.3: E    diagram of the six cases, where the parameter set of D
and Lx is dierent but M = 25 is xed. While the small box cases (Lx = 12)
undergo only the ion tearing mode following the electron tearing mode (as shown
in Figure 2.4.5), the large box cases (Lx = 30) undergo the explosive reconnection
subsequent to the ion tearing mode. The maximum reconnection rate during the
explosive reconnection is over 0:1 regardless of the initial current sheet thickness.
2.6 Discussion
2.6.1 Breaking the Similarity
First of all we focus on the behavior of magnetic reconnection after the
stage (3). We enlarge the simulation box by 2.5 times to avoid the saturation
before the phase transition from the ion ATI to the explosive reconnection.
If thinking simply that the system evolves as keeping the similarity between
the small and large box, we can expect the large box system to saturate when
the reconnected ux becomes 2.5 times as much as the saturation level in
the small box system. However, this idea is, fortunately, not correct. Figure
2.6.1 shows the time evolution of the reconnected ux in the two cases with
D = 4 and M = 25 in the small (Lx = 12) and large box (Lx = 30). The
reconnection saturates at the level of  4B0i in the small box case (red).
On the contrary, it starts to grow explosively at 2:0  3:0B0i and continues
to grow even when the ux level reaches 10B0i in the large box case (green).
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To see that the reconnection process is not aected by the boundaries at this
time, we diagnose the electric eld structure in the vicinity of the major X-
line on the basis of Shimizu et al. [2016]. Figure 2.6.2 shows the x prole of
the out-of-plane electric eld and the sign ipped electron motional electric
eld at t
ci = 254, when the reconnected ux becomes 10B0i. In this gure,
the out-of-plane electric eld at the outer-edge of the oEDR clearly exceeds
the reconnection rate at the X-line, making the downward convex structure of
the out-of-plane electric eld in the vicinity of the X-line. This characteristic
structure represents the growth phase of the reconnection process, meaning
that the reconnected ux is smoothly transported with the electron outow
to downstream and, therefore, the boundary eect is negligible at this time.
In addition, Figure 2.6.3 shows the time evolution of the length of the oEDR
around the major X-line in the x direction in the same case. The time range is
focused on the explosive reconnection phase. The length gradually stretches
until t
ci  260. (The length becomes  45i at t
ci = 254 as seen in Figure
2.6.2.) This extension is also the evidence that the reconnection process
is not aected by the boundary. The length then dramatically uctuates.
The uctuation is caused by cutting of the EDR by secondary tearing near
the X-line. For reference, it is useful to distinguish the varying structure in
comparison between the structures in Figure 2.6.2 and Figure 2.4.8 (b), which
is obtained when the reconnection process is about to end. These proles
are clearly dierent. From this diagnostics, it is obvious that the system
does not evolve following the similarity rule once the explosive reconnection
is triggered.
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Figure 2.6.1: Comparison of the time histories of the reconnection ux in Lx = 12
and Lx = 30 with D = 4. The small box case saturates at the level  4, then a
naive prediction would be that the large box case will saturates at the level  10
because the box size is 2:5 times as large as the small one. The large case, however,
grows well beyond the predicted level.
Figure 2.6.2: Result of D = 4, M = 25, and Lx = 30. X prole of the out-of-plane
electric eld Ey and the sign ipped electron motional electric eld  (VexB)y at
t = 254, when the reconnected ux is  10 (averaged over one ion gyroperiod and
see also Figure 2.6.1). The electric eld at the oEDR proceeds the reconnection
rate at the X-line, indicating that the eect of the boundaries, which eventually
makes the reconnection process terminate, can be neglected at this time.
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Figure 2.6.3: Result of D = 4,M = 25, and Lx = 30. Time evolution of the length
of the oEDR around the major X-line. The range of the horizontal axis is 200 to
300, corresponding to the explosive growth phase. The length gradually extends
until t
ci  260. After that, it dramatically uctuates because of the secondary
tearing in the vicinity of the major X-line.
2.6.2 D-Independent Reconnection Rate
In the previous section, we have obtained the fast reconnection rate over
0:1VAB0 regardless of D during the explosive reconnection phase in the large
box cases. The D-independent property has a possibility to explain the ex-
plosive feature of the reconnection process even in an extremely thick current
sheet observed in the solar corona. Such a feature is not seen in previous
studies [e.g., Wang et al., 2001].
In Figure 2.5.3, in the case of D = 16, and Lx = 30, the reconnection
rate exponentially evolves with the reconnected ux once the explosive re-
connection is triggered when the reconnected ux is about 0:17B0L. On the
other hand, in the case of D = 8, and Lx = 30, the reconnection rate starts
the exponential growth when the reconnected ux is about 0:25B0L. These
two exponential growth curves overlap with each other during the explosive
phase and achieve the fast reconnection rate > 0:1VAB0. We focus on when
the explosive reconnection is triggered in the case of D = 8 with the recon-
nection rate of  0:015VAB0. When the reconnection rates are equivalent
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in the two cases, the o-diagonal component of the electron pressure tensor
Peyz should have the same slope at the X-line since the reconnection rate is
supported by this term in the generalized Ohm's law that dominates as the
X-line. Figure 2.6.4 shows the z prole of the component Peyz at the moment
in the two cases. The two proles are almost identical. The electron nongy-
rotropy appears within jzj < 0:5i, indicating that electrons do not hold the
frozen-in condition within the region, and the proles have the same slope at
the X-line, which is consistent with the fact that the reconnection rates are
the same.
In order to see how the ATI phase aects the evolution of the reconnection
rate during the explosive phase, let us broaden our outlook from the vicinity
of the X-line to the Hall region, where ions and electrons are decoupled.
From the conservation law, the reconnection rate approximately equals to
the magnetic ux transport rate at the edge of the Hall region as
ER  V inz Binx ; (2.1)
where V inz and B
in
x are the plasma bulk velocity and magnetic eld at the edge
of the region in upstream, respectively. Here V inz is not explicitly specied
by ions or electrons since at the edge of the Hall region ions and electrons
still have the same bulk velocity. From Equation (2.1), the rate that the
magnetic ux ows into the Hall region is equal to the reconnection rate. In
other words, we can expect if the reconnection rates are identical between
two cases having dierent D, the spatial structures of the electron bulk ve-
locity and magnetic eld in the Hall region are also identical since magnetic
elds are transported by electrons to the X-line in the Hall region. Figure
2.6.5 shows z proles of the ion and electron bulk velocities (Figure 2.6.5
(a)) and the reconnecting magnetic eld (Figure 2.6.5 (b)) in the two cases
(D = 8, and D = 16) when the reconnection rates are the same. In Figure
2.6.5 (a), the region of jzj < 2i where ions and electrons separately move
toward the X-line is the Hall region, out of which ions and electrons have the
same velocity. In the Hall region but jzj > 0:5i, electrons move with mag-
netic eld and nally electrons decouple to magnetic eld within jzj < 0:5i,
where the electron nongyrotropy appears due to the demagnetization. Ap-
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proximately, the same spatial structure of the electron bulk velocity within
the Hall is shown between the two cases. In addition, in Figure 2.6.5 (b), the
spatial structure of the reconnecting magnetic eld within the Hall region
is almost perfectly the same between the two cases, including the electron
decoupling region, where represents the steep spatial gradient in the vicinity
of the X-line. These two spatial structures are independent of D. Recall,
however, that the spatial structures obviously depend on D under the initial
condition. Actually, the D dependence still remains in the spatial structure
of the reconnecting magnetic eld as shown in Figure 2.6.6, which is the z
prole of the spatial structure of the reconnecting magnetic eld focusing on
the global scale of the two cases. The spatial structure is almost the same
between the two along the z axis normalized by L. Namely, it does show the
D dependence. As the ion ATI is enhanced, the magnetic ux tubes in up-
stream are transported with the plasma ow toward the neutral line. These
tubes merge at the X-line with those from the opposite side of the current
sheet at a certain rate. However, when the reconnection rate during the ATI
is not fast enough to consume the denser ux tube in upstream, the mag-
netic elds start to pile-up in the Hall region. This pileup process gradually
continues until the ion ATI is halted by the boundary eect in downstream
or the explosive reconnection is triggered. The gradient of the piled up mag-
netic eld is mainly supported by the local electron current density within
the electron singular layer, where the initial global condition dependent on D
is no longer held. Therefore, once the ATI is excited in the current sheet, the
D-independent structure becomes embedded in the D-dependent structure
reecting the initial condition.
To see that the reconnection process is not impeded by the periodic
boundary condition, we conduct again the Ey diagnostics. Figure 2.6.7 shows
the x prole of the out-of-plane electric eld and the sign ipped electron mo-
tional electric eld when the reconnection rate is  0:015VAB0. The major
X-line is shifted to the origin. The Ey structure of D = 16 case is downward
convex in the vicinity of the X-line, resulting from the Ey at the edge of the
oEDR exceeds the reconnection rate at the X-line. The characteristic pro-
le indicates that the reconnected magnetic ux is adequately transported
downstream and the boundary condition is negligible to the reconnection
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process at this time as shown in Figure 2.6.2. The same argument is adapted
to the case of D = 8, though the Ey prole of D = 8 is not symmetrical with
respect to the X-line and the prole is at in the positive x region in the
vicinity of the X-line rather than downward convex. The at prole may be
formed due to the interaction between the major X-line and a minor X-line.
The at prole, however, also indicates that the magnetic ux is transported
smoothly enough for the magnetic eld not to be piled up within the EDR
to maintain the reconnection process. The point is that in both cases the
downstream boundary conditions do not aect the reconnection process and
because the near-upstream conditions are identical, the two cases follow more
or less the same evolution path.
Figure 2.6.4: Z prole of the odiagonal component of the electron pressure tensor
Peyz in D = 8 and D = 16 with M = 25 and Lx = 30 when the reconnection rate
is  0:015 (averaged in jxj  2e). The gradients at the X-line are identical, which
supports the reconnection electric eld.
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Figure 2.6.5: Z proles of reconnecting magnetic eld Bx in D = 8 and D = 16
withM = 25 and Lx = 30 when the reconnection rate is  0:015, corresponding to
the time at which the explosive reconnection is triggered in D = 8 and two curves
in D = 8 and D = 16 in Figure 2.5.3 are overlapped. (a) is the local prole in the
vicinity of the X-line and (b) is the global one. Note that the normalization of the
horizontal axes is dierent: (a) is normalized by i and (b) is normalized by L,
indicating that the local property of the magnetic eld is independent of the initial
current sheet thickness. This is why the reconnection rate becomes independent
of L through the explosive reconnection phase.
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Figure 2.6.6: Z proles of the reconnecting magnetic eld Bx in D = 8 and D = 16
with M = 25 and Lx = 30 when the reconnection rate is  0:015. The horizontal
axis is normalized by L unlike by i in Figure 2.6.5 (b).
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Figure 2.6.7: Results of (a) D = 8 with M = 25, Lx = 30, and (b) D = 16
with M = 25, Lx = 30. X proles of the out-of-plane electric eld Ey and the
sign ipped electron motional electric eld  (Vex  B)y when the reconnection
rate is  0:015VAB0 (averaged over one ion gyroperiod). The horizontal axis is
normalized by i and the major X-line is shifted to be the origin in both cases. The
electric eld at the oEDR exceeds the reconnection rate at the X-line, indicating
that the eect of the boundaries, which makes the reconnection process terminate,
can neglect at this time.
2.6.3 M-Independent Transition to the Explosive Re-
connection Phase
Second, we turn the point to the transition from the stage (2) to (3).
We have shown that the saturation level of the ion ATI is independent of
M in the small box and that the explosive reconnection phase is successfully
triggered via the ion ATI in the large box by using small M . However, it is
not clear whether the level when the phase transition occurs is independent
of M or not. We answer the question by comparing the results between the
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large box cases with dierent M .
We perform the additional run with D = 4, M = 100, and Lx = 30
to compare the result from the case of D = 4, M = 25, and Lx = 30.
These two cases have the same physical parameters but M . Figure 2.6.8
shows the time evolution of the reconnected ux in the above two cases and
the case of D = 4, M = 25, and Lx = 12. The range of the horizontal
axis is 100 to 300, focusing on the phase transition. The two cases in the
large box (green and blue) undergo the explosive reconnection phase and the
transition time is about 200 when compared with the case in the small box
(red). These two results have seemingly the same curve but the magnitude
of the reconnection ux of the high-M case (blue) is lower than that of the
low-M case (green). This means that in the high-M case (blue) the explosive
reconnection is triggered at the lower level of the reconnected ux than the
low-M case (green). We have to emphasize that the saturation level of the
reconnected ux at the end of the ion ATI is independent of M as shown in
the small box cases. Therefore, M is not the issue with regard to the level of
the transition from the ion ATI to the explosive reconnection. Figure 2.6.9
shows the E    diagram in the two cases with the large box. The range
of the horizontal axis is from 0:01 to 5, focusing on the ion ATI and the
explosive reconnection. The transition occurs at around =B0L = 0:5. As
shown in Figure 2.4.3, the maximum reconnection rate during the ion ATI is
almost independent ofM or a slightly faster in the high-M case (green). The
maximum reconnection rate reaches the fast value  0:2VAB0 regardless of
M . The reconnection rate is independent of M during the explosive phase,
which has been known in the cases where large enough initial perturbation
were assigned to thrust the system into the explosive phase [e.g., Birn et al.,
2001b].
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Figure 2.6.8: Result of D = 4, M = 100, and Lx = 30 added to Figure 2.6.1.
The transition ux from the ion tearing mode phase to the explosive reconnection
phase is seemingly independent of M .
Figure 2.6.9: E    diagram in the two runs, where parameter set of D and Lx
is the same but M is dierent. The maximum reconnection rate is independent of
M .
2.6.4 Limit of the Explosive Reconnection with  = 2
The ATI with  = 2 can initiate the explosive reconnection in a much
thicker sheet than the ion scale. However, it becomes dicult in terms of
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computational costs to perform cases with the thickness over D = 16, for
example D = 32. Therefore, the following question remains: What is the
most thick current sheet that the ATI with  = 2 can initiate the explosive
reconnection in? We comment on this question in this section. We discuss
this point in terms of the saturation width of the island but below arguments
are also qualitatively satised in terms of the saturation amplitude of the
reconnected ux since these two physical values have positive correlation.
The saturation level of the island size during the ion ATI with  = 2
converges to  10i in the small box case as D increases as shown in Figure
2.4.4. In other words, the size of islands compared with the initial thickness
of a current sheet become smaller as the thickness is larger. Similarly, from
the result of the small box cases as shown in Figure 2.4.5, one can nd that
the reconnected ux normalized by B0L becomes smaller as the thickness is
larger and the saturation level in the case of D = 32 is below 0:1B0L. On
the other hand, GEM-like studies shown in Chapter 1 indicates that the crit-
ical amplitude of the reconnected ux for the explosive reconnection locates
between 0:075 and 0:05B0L. Compared with these results, we can obtain a
conjecture that the phase transition to the explosive reconnection via the ATI
with  = 2 hits the limit of about D = 32. This conjecture is, however, not
completely precise because the critical amplitude depends on the thickness as
shown in Figure 1.8.5 and it is suspicious that the GEM-like triggering and
the ATI triggering are comparable. One of the important dierences of the
ATI triggering from the GEM-like triggering is the coalescence process. In
the case of the GEM-like triggering the sole X-line is imposed by the initial
perturbation in the system and persists during the whole period. On the
other hand, in the case of the ATI triggering multiple X-lines corresponding
the maximal wavelength in the system are generated by the ion ATI and they
merge into the most dominant one. The merging process is slow compared
with the growth time of the ion ATI, but the saturation amplitude will grow
gradually. If the system size is much larger, the saturation amplitude may
become beyond the level obtained in the small box cases ( 10i). Therefore,
the limit of the width of a current sheet for the explosive triggering via the
ATI with  = 2 is likely to depend on the system size.
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2.6.5 Contribution of Ion Anisotropy to Coalescence
Process
Next, we turn the point to the transition from the stage (1) to (2). As
shown in Figure 2.4.1, the island coalescence process occurs in the period
between the saturation of the electron ATI and the excitation of the ion
ATI. During this period the gradual growth and decline of the island width
and of the electron anisotropy, respectively, are seen (Figure 2.4.1 (b), (c)).
Electrons at this period are almost magnetized in the reconnected magnetic
elds due to the trapping eect. The dissipation process should be controlled
by ions. In order to see this, we perform an additional simulation with
D = 4, M = 25, Lx = 12, and i = 1. The other physical parameters
of this simulation are the same as the case of D = 4, M = 25, Lx = 12,
and i = e = 2 presented in Section 2.4. Figure 2.6.10 shows the time
evolution of the island width in these cases. In this gure, the result in the
D = 4, M = 400 case presented in Section 2.4 is also plotted. The dierence
between the cases with M = 25 is only the ion anisotropy; i = 1 (red)
and i = 2 (green). The two curves are overlapped with each other until
the saturation of the electron ATI (t
ci  25). At this time, the size of the
island is below the ion scale ( 0:7i). After the saturation and prior to the
enhancement of the ion ATI ( 125t
ci), the island gradually grows in the
i = 2 case, while it hardly grows in the i = 1 case. In the i = 2 case
(green), the size of the island gradually gets over the ion scale. In addition,
in comparison between the cases with dierent M (green and blue), one can
nd the growth rate during that period is slower in the large M case and the
size of the island is much smaller than the ion scale in the that case. In the
meanwhile, the island coalescence process (or, the reduction on the number
of magnetic islands) is taken place not only in the i = 2 case but also in
the i = 1 case. To see this, we show in Figure 2.6.11 snapshots of eld
lines in the cases with M = 25 at t
ci = 25 ((a), (b)), and 75 ((b), (d)).
A number of the electron scale or sub-ion scale islands is produced until the
saturation of the electron ATI in both cases (t
ci = 25). At t
ci = 75, the
small islands are replaced by the large ion scale ones through the coalescence
process in both cases. These results indicate that the ion anisotropy mainly
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contributes to the magnetic dissipation during the coalescence process. This
is consistent with the electron trapping eect at the saturation of the electron
ATI. However, the dissipation is less eective as M becomes larger. The
possible reason for this is the larger scale gap between the ions and electrons
due to the larger M . That is, when the spatial scale gap between the ions
and electrons is large enough, the ions are hard to interact with the structure
produced by the electrons. Conversely, ifM is small, the ions can be partially
coupled with electrons. Therefore, it is expected that the ion anisotropy is
partially consumed by the dissipation during the coalescence process when
M is small. To see this, we track the time evolution of the ion anisotropy in
the same three cases in Figure 2.6.12. The ion anisotropy is averaged within
the ion singular layer width. As expected, in this gure, the ion anisotropy
in the case of i = 2, M = 25 (green) shows the gradual decrease during
the interval corresponding to the coalescence process prior to the ion ATI
phase, while in the large M case (blue), it is xed at the initial value in the
meanwhile. The case initially set to be i = 1 (red) also shows no signicant
variation. On the basis of above arguments, we conclude that the gradual
increase in the island width during the island coalescence is mainly caused
by the anisotropic ions, but includes the articial eect related to the small
mass ratio.
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Figure 2.6.10: Time evolution of the island width in the cases of D = 4, and
Lx = 12. The i = 1, M = 25 case is shown in red, the i = 2, M=25 in green,
and the i = 2, M=400 in blue. In the M = 25 cases, after the saturation of the
electron ATI (t
ci  25) and before the excitation of the ion ATI (t
ci  125),
while the island width gradually grows in the case of i = 2, it hardly grows in
the case of i = 1. Compared with the M = 25 and M = 400 case, the growth
rate is faster in the M = 25 case in the interval.
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Figure 2.6.11: Snapshots of eld lines in the cases of D = 4,M = 25, and, Lx = 12.
(a), (c) are from the case of i = 2, and (b), (d) are from the case of i = 1 at
t
ci = 25, and 75, respectively. The island coalescence is taken place and the size
of the islands becomes larger, comparable to the ion scale during the interval of
time in both cases.
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Figure 2.6.12: Time evolution of the ion anisotropy in the cases of D = 4, and
Lx = 12. The anisotropy is averaged within the ion singular layer width. The
i = 1, M = 25 case is shown in red, the i = 2, M=25 in green, and the i = 2,
M = 400 in blue.With M = 25, the ion anisotropy is almost invariable with
i = 1 (red), while it gradually decreases by t
ci = 125 and then steeply drops
with i = 2 (green). On the other hand, the gradual decrease is negligible in the
higher M case (blue).
2.6.6 On the Transition to the Ion ATI
We have known that the phase transition from the ion ATI to the ex-
plosive reconnection (corresponding the transition from the stage (2) to (3))
is independent of M (Figure 2.6.8, Figure 2.6.9). We have also known that
the electron ATI saturates at the level of the electron singular layer width,
which is independent of D as long as the same M (corresponding the stage
(1)). It is, however, still unknown whether the transition from the saturation
level of the electron ATI to that of the ion ATI depends on M , and/or D
(corresponding the transition from the stage (1) to (2)). If there is no or very
weak dependence of these parameters on the transition, ion scale island chain
is likely to be generated even in an enormously large current sheet, resulting
in the triggering of the explosive reconnection via the coalescence process.
In order to see the parametric dependence of the transition, we consider
the situation that the electron ATI saturates at the level of the electron sin-
gular layer width at the cost of the electron anisotropy and the ion ATI is
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not yet excited. That is, we consider that electrons are set to be isotropic
but ions are anisotropic and an articial perturbation within the electron
singular layer of a relevant amplitude is imposed. If there is a critical am-
plitude whether the ion ATI signicantly grows or not, we can investigate
the parametric dependence of the phase transition. From that perspective,
we carry out the extra case, where D = 4, M = 25, i = 2, e = 1, and
Lx = 12. Figure 2.6.13 shows the time evolution of the reconnected ux in
the case (red). For reference, the case of D = 4, M = 25, i = e = 2, and
Lx = 12, which is presented in Section 2.4, is also plotted (green). These
two cases have the same other physical parameters and conditions. The am-
plitude of the perturbation is zero in the additional case. (Note that the we
have surveyed in the amplitude in order to nd the critical one and here we
show only the case applied the minimum value.) Nevertheless, the ion ATI
grows signicantly and saturates at the same level as that in the reference.
This means that in D = 4 to achieve the signicant amplitude does not re-
quire any initial perturbation or the electron ATI but only the ion ATI with
i = 2 in the given physical parameters. Moreover, if the simulation box
size is enlarged to Lx = 30, the ion ATI alone will initiates the explosive
reconnection without these help.
The above method, however, is useful to articially realize the case of
the real mass ratio and a large-D. When the amplitude and width of the
initial perturbation is set to be comparable to the saturation level of the
electron ATI in the real mass ratio and a large-D case, the initial condition
is articially realized as if a simulation is performed with the real mass ratio
even though the mass ratio is actually set lower. It is meaningful to show
even in this articial method that the ion ATI leads to the explosive recon-
nection from the realistic initial condition since it is almost impossible to
perform simulations with the real mass ratio and a large-D. From this point
of view, we consider to perform the additional run where the parameters are
respectively set to be D = 16, M = 25, i = 2, e = 1, and Lx = 30,
and the proper initial perturbation is imposed. In comparison between the
cases with dierent M and the same D in Figure 2.4.2, one can nd that
the island width of the electron ATI almost depends on M as M 1=4. There-
fore, the width of the proper initial perturbation is roughly 1=(2
p
2) times
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as small as the saturation width of the electron ATI in the large box case of
D = 16, M = 25. Similarly, the proper amplitude can be obtained. How-
ever, since it is dicult to realize these conditions perfectly, for simplicity
we approximately set the initial island width to be  0:24i and the ini-
tial amplitude to be  0:001B0i by imposing the GEM-like perturbation of
Ay =  2lB1 exp[ (x2 + z2)=(2l)2] with B1=B0 = 0:02, and l=i  0:166.
These values are smaller than the predicted ones. With these width and
amplitude, we perform the additional case. Figure 2.6.14 shows the time
evolution of the island width of the additional case (red). For reference, we
replot the large box case of D = 16 in this gure (green). Since the addi-
tional case employs the isotropic electrons in the current sheet, the rst jump
of the island width caused by the electron ATI does not appear unlike the
reference case. In comparison between these cases, the initial width is almost
one quarter of the reference case. Nevertheless, the ion ATI starts to grow
signicantly at t
ci  200 and stagnates almost at the same level ( 10i)
as that in the reference, then the explosive reconnection is triggered and the
rapid growth is realized. The E   diagram of the additional case is shown
in Figure 2.6.15 (red). Similarly, we replot the large box case for reference
(green). In this gure, one can nd the excellent agreement in the growth
curve and the maximum reconnection rate fast ( 0:2VAB0). These results
show that the ion ATI is destabilized enough to trigger the explosive recon-
nection even in a thick sheet of D = 16 and even with the realistically small
amplitude. In terms of theM -dependence of the system evolution, we should
emphasize that the stage (2) and the transition from the stage to the stage
(3) are independent of M and the remaining piece is the M -dependence of
the transition from the stage (1) to the stage (2). This additional results may
be premature at this time, but they include the great insight for a realistic
case.
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Figure 2.6.13: Time evolution of the reconnected ux in the case ofD = 4,M = 25,
i = 2, e = 1, and Lx = 12 (red). No articial perturbation is imposed in this
case. The other parameters and conditions are the same as the small box cases.
For reference, the result from the case of D = 4, M = 25, i = e = 2, and
Lx = 12 is replotted (green). The ion ATI is spontaneously excited and saturates
at the same level even on condition that no initial perturbation is imposed.
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Figure 2.6.14: Time evolution of the maximum island width in the additional case
of D = 16 and e = 1 (red). For reference, the large box case of D = 16 and
e = 2 is also plotted (green). In comparison between these cases, the initial
width is almost one quarter of the reference case. Nevertheless, the ion ATI starts
to grow signicantly at t
ci  200 and stagnates almost at the same level ( 10i)
as that in the reference, then the explosive reconnection is triggered and the rapid
growth is realized.
Figure 2.6.15: E    diagram of the additional case of D = 16 and e = 1 (red).
For reference, the large box case of D = 16 and e = 2 is also plotted (green).
The growth curves are perfectly overlapped and reach the fast reconnection rate
of  0:2VAB0.
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2.6.7 -Dependence
Previously, Tanaka et al. [2011] showed that the peak amplitude of the
reconnected ux becomes larger when the initial ion anisotropy i is larger
in the three- and two-dimensional simulations. According to the study, the
i-dependence comes from the dierence between the time-scale of gas pres-
sure build-up at the center of magnetic islands and that of reconnected ux
growth. That is, the larger reconnected ux is obtained since it takes longer
time for the conned nite system to reach the equilibrium state when the
time-scale of the gas is longer due to the larger temperature anisotropy, which
related to the sound speed vsx (i.e., vsx  Pixx=(nimi)1=2 = ((Ti;CS=mi)=i)1=2).
The peak amplitude may not be directly replaced by the saturation level of
the ion ATI, but this study suggests that the saturation level of the ion ATI
depends on i (stage (2)). We investigate the -dependence of the satura-
tion amplitude of the ion ATI (stage (2)) and the phase transition from the
ion ATI to the explosive reconnection (stage(3)) by comparing the results
from the six cases having the same D (= 4) and M (= 25), but having the
dierent  (= 1:25, 1:5 or 2) and Lx (= 12 or 30). The  = 2 cases in the
small and large boxes represent those presented in Section 2.4 and Section
2.5, respectively.
We perform the extra cases of D = 4, M = 25, Lx = 12, and  = 1:25,
1:5 and compare the results of  = 2 presented in Section 2.4. The other
physical parameters and the initial conditions are the same between them.
Figure 2.6.16 shows the time evolution of the reconnected ux in the cases
of  = 2 (red), 1.5 (green), and 1.25 (blue). In this gure, the saturation
amplitude of the ion ATI is  4:2B0i in  = 2 and  1:4B0i in  = 1:5,
showing that the amplitude is clearly dependent on i. In this case, we set
the electron anisotropy also to be e = 1:5 unlike e = 2 in Tanaka et al.
[2011], but it is not an issue since the electron anisotropy does not aect the
nal amplitude of the ion ATI [Haijima et al., 2008]. Therefore, this result is
consistent with the previous study. On the other hand, in  = 1:25, the ion
ATI does not grow at all in the whole period of time after the saturation of
the electron ATI and the saturation level stays at a very low ( 0:007B0i).
In terms of the triggering of the explosive reconnection (stage (3)), how-
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ever, this result is unfavorable because the saturation amplitude ( 1:4B0i)
does not reach the level for triggering in the D = 4 case (2:0  3:0B0i; see
Figure 2.6.1). In other words, the explosive reconnection may not be achieved
in the D = 4 case with i  1:5 unless the stage (3) requires the lower level
as i decreases or the saturation amplitude is enhanced over the triggering
level. In order to make this point clear, we conduct the further investigation
by additionally performing the large box cases (Lx = 30) of the  = 1:25,
and 1:5. We depict in Figure 2.6.17 the E    diagram of the ve cases
mentioned at the end of the rst paragraph except for the case of  = 1:25
and Lx = 12. The diagram of the  = 2 cases have already been shown in
Figure 2.5.3 (red and green) but we again plot them for reference. In this
gure, the small box case of  = 1:5 (purple) saturates at a low level during
the ion ATI as well as the case of  = 2 (green), while the large box cases of
 = 1:25, and 1:5 (light blue and blue) undergo the explosive reconnection of
a fast rate ( 0:2VAB0) just as in the case of  = 2 (red). From the change
in slope in the  = 1:25, and 1:5 cases (light blue and blue), the transition
from the ion ATI to the explosive phase occurs at  0:65B0L = 2:6B0i and
 0:5B0L = 2:0B0i, respectively, which is almost consistent with the  = 2
case (2:0 3:0B0i). In addition, the growth curves in the explosive phase are
roughly equivalent with that of the  = 2 case (red). Based on these results,
the critical amplitude upon entering the explosive reconnection (stage (3))
stays the same, however, the lower  cases somehow manage to reach the
required amplitude. Especially, in  = 1:25, the large box case undergoes
the explosive reconnection after the electron and ion ATIs, though the small
box case undergoes only the electron ATI not the ion ATI. This dierence
about the growth of the ion ATI itself is controversial, but we focus on the
following discussion of the border between cases whether or not the explo-
sive reconnection is achieved regarding the dierence as an indication of the
border.
If the anisotropy initially imposed is decreased more with D xed, or
if D is increased more with  xed, the saturation amplitude of the ion
ATI will become below the critical amplitude for the explosive reconnection
or the ion ATI will not become excited and large-scale reconnection will
not become achieved. It is important to obtain the border whether or not
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the explosive reconnection occurs in the parametric space of D and  since
the border allows us to discuss a possibility of the triggering via the ion
ATI in a certain real situation of interest such as the Earth's magnetotail,
magnetopause and other reconnection sites. In order to obtain the border,
we perform the extra ve cases where the parameter set (D, ) is (2, 1.125),
(4, 1.125), (4, 1.25), (8, 1.25), and (8, 1.5), respectively. The simulation
box size is xed at Lx = 30 in all cases to prevent the ion ATI from being
saturated by the periodic boundary condition before it grows signicantly.
From these cases and other cases presented above, we depict in Figure 2.6.18
whether or not the explosive reconnection is triggered via the ion ATI in the
parametric space. In Figure 2.6.18, the horizontal and vertical axes are 
and D, respectively. In this gure, the closed circles represent the cases in
which the explosive reconnection is achieved via the ion ATI, while the open
circles represent the cases in which the ion ATI is not excited at all after
the saturation of the electron ATI in the whole period of time. In the case
of D = 8 and  = 1:25, the ion ATI is not excited over 1500=
ci and in
the case of D = 4 and  = 1:125, it is not over 4000=
ci like the case of
D = 4,  = 1:25, and Lx = 12 presented above (see Figure 2.6.16). The ion
anisotropy is not consumed in these cases over the period of time. The ion
ATI may be excited after further steps but higher computational costs are
needed and quite long periods of time enough for the excitation of the ion
ATI are already spent compared with other cases. If assumed that these two
cases do not reach the enhancement of the ion ATI, therefore, the explosive
reconnection, the large-scale reconnection does not become achieved when D
is increased with the same  and when  is decreased with the same D as
expected. In order to reveal the dependence of the border on D and  in
detail in Figure 2.6.18, further investigations are needed such as the case of
D = 16,  = 1:5, and Lx = 30. However, from the results in the cases of
D = 4, we can obtain an implication that the case of D = 32,  = 2 and
Lx = 30, which is above computational resources, undergoes the explosive
reconnection. We have known that when  initially imposed is decreased
stepwise but D is xed at 4, results obtained in the large and small boxes
are changed; in the large box the explosive reconnection is achieved as long
as   1:25, in the small box the ion ATI grows signicantly ( = 2), it
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grows but the saturation amplitude gets lower ( = 1:5), it is not excited
at all in the substantial period of time (  1:25). These results imply
that the explosive reconnection is achieved in the large box as long as the
ion ATI is excited in the small box. This indicates a possibility that small
box cases, which take much lower computational costs than large ones, allow
us to predict results in the large box, namely, whether or not the explosive
reconnection is triggered. When applied directory this implication to the
case with D = 32, we can predict that the explosive reconnection is triggered
via the ion ATI in the unattainable case of D = 32,  = 2, and Lx = 30
since the ion ATI grows in the small box case of D = 32, and  = 2.
We have shown that the characteristic dual structure, namely the D-
independent structure embedded in the D-dependent one, of the magnetic
eld Bx is formed during the ion ATI prior to the transition to the explosive
reconnection. This characteristic structure leads the D-independent recon-
nection rate. Finally we show that the structure is formed regardless of 
in Figure 2.6.19 as long as the ion ATI grows signicantly. In this gure,
the z prole of the reconnecting magnetic eld Bx at =(B0L) = 0:5 and
ER=(VAB0) = 0:038 is plotted for the three cases of (D, )=(4, 2), (4, 1.5),
and (16, 2) presented in Section 2.5, for reference. Figure 2.6.19 (a), (b) focus
on the local and global structures, respectively. Note that the normalization
of the horizontal axis is dierent. Comparing among them, one notes that
the proles are almost equivalent both locally and globally. This indicates
that the dual structure is formed in a way independent of  if the ion ATI
grows enough. This is consistent with the fact that the growth curves are
aligned with each other between the  = 2 and 1:5 cases in the large box.
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Figure 2.6.16: Time evolution of the reconnected ux in the two cases of D = 4,
M = 25, Lx = 12, and  = 1:25, 1:5, and 2. The nal amplitude is 4:0B0i
and 1:4B0i in  = 2 (red) and 1:5 (green), respectively, showing the clear -
dependence on the saturation amplitude of the ion ATI. On the other hand, in
 = 1:25 the ion ATI does not grow at all after the saturation of the electron ATI
and the saturation level stays at a very low level of  0:007B0i.
Figure 2.6.17: E  diagram of the small box cases (red and green) and the large
box cases (blue, purple and light blue) with  = 2, 1:5, and 1:25, respectively.
The ion ATI saturates at a low level in the small box cases, while the explosive
reconnection is triggered at about 0:5  0:65B0L = 2:0  2:6B0i in the large box
cases after the ion ATI. These transition levels to the explosive phase are almost
the same between the cases with the dierent .
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Figure 2.6.18: D    diagram of cases in the large box (Lx = 30). Closed circles
represent the cases in which the explosive reconnection is achieved via the ion ATI,
while open circles represent the cases in which the ion ATI does not grow at all
after the saturation of the electron ATI in the whole period of time.
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Figure 2.6.19: Z proles of the reconnecting magnetic eld Bx when =(B0L) =
0:5, and ER=(VAB0) = 0:038 in the three cases of (D, )=(4, 2), (4, 1.5), and
for reference (16, 2) presented in Section 2.5. (a) Local structure along the z axis
normalized by i, and (b) global structure along the z axis normalized by L. The
dual structure is satised in the  = 1:5 case.
2.7 Summary
In Chapter 2, we have surveyed parametric dependence of the saturation
level of the electron ATI (stage (1)) and the ion ATI (stage (2)), the trig-
gering level of the explosive magnetic reconnection (stage (3)) and the phase
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transitions (from stage (1) to (2) and from stage (2) to (3)). The results
obtained are as follows:
Stage (1)
The saturation width of the island is the electron singular layer, which
almost depends onM 1=4 and D 1=2. The key physics is, therefore, the
electron trapping by the reconnected magnetic elds.
Stage (1) ! (2)
The island coalescence process occurs prior to the ion ATI main phase.
The gradual growth of the island size, which is related to the magnetic
dissipation, is mainly contributed by the anisotropic ions. Therefore,
there appears no signicant growth in the lack of the ion anisotropy.
The growth rate for this phase tends to become larger as the coupling
between the ions and electrons is stronger, that is, the rate is dependent
on the M and D. In addition, the growth rate of the ion ATI depends
on D 1 and weakly M .
Stage (2)
The saturation width of the island converges to 10i at large D in the
simulation box with Lx = 12 but does not depend on M . The key
physics for the saturation is the blockage of the outow from the X-line
by the reconnected magnetic elds due to the periodic system. The
amplitude of the reconnected ux depends on i unless the simulation
box size is large enough for the ion ATI to grow signicantly.
Stage (2) ! (3)
The transition amplitude does not depend on M . The D-independent
structure becomes embedded in the initial D-dependent one. The ion
ATI is responsible for the dual structure.
Stage (3)
The explosive reconnection triggered via the ATIs has the D , M ,
and -independent fast reconnection rate of  0:2VAB0. The growth
curves of the reconnection rate as a function of the reconnected ux (in
the units of B0L) show remarkably good agreement regardless of D,M ,
and . The formation of the dual structure supports these properties.
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The cases presented in Chapter 2 are shown in Table 2.3.
Table 2.3: Cases presented in Chapter 2.
M D Lx(= Lz) i e
400 2.0 12 2 2
400 4.0 12 2 2
25 2.0 12 2 2
25 2.0 30 1.125 1.125
25 2.0 30 2 2
25 4.0 12 2 2
25 4.0 12 1 2
25 4.0 12 2 1
25 4.0 12 1.25 1.25
25 4.0 12 1.5 1.5
25 4.0 30 1.125 1.125
25 4.0 30 1.25 1.25
25 4.0 30 1.5 1.5
25 4.0 30 2 2
100 4.0 30 2 2
25 8.0 12 2 2
25 8.0 30 1.25 1.25
25 8.0 30 1.5 1.5
25 8.0 30 2 2
25 16.0 12 2 2
25 16.0 30 2 2
25 32.0 12 2 2
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Triggering of Magnetic
Reconnection via Compression
of Current Sheets
3.1 Introduction
In the previous chapter, we have shown that the explosive magnetic re-
connection is triggered even in the unprecedented thick current sheet via the
tearing instability boosted by the temperature anisotropy within the sheet.
The anisotropy is a key element for the explosive triggering, but it is initially
prepared in the sheet. As mentioned in Chapter 1, the current sheet com-
pression is eective to selectively heat the plasma temperature perpendicular
to the local magnetic eld though it is not eective to thin the sheet width.
Therefore, we can expect the explosive reconnection to be triggered via the
ATI enhanced by the spontaneously generated temperature anisotropy dur-
ing the compression. In this chapter, we show that the expectation is the
case even in the unprecedented thick sheet.
As mentioned in Chapter 1, the tearing instability and the lower-hybrid
drift instability (LHDI) nonlinearly couples. The nonlinear eects of the
LHDI are the enhancement of the current density at the center of the current
sheet and the generation of the electron temperature anisotropy perpendic-
ular to the magnetic eld accompanied by the redistribution of the current
93
Chapter 3
prole [Shinohara and Fujimoto, 2005]. These eects change properties of the
tearing instability, leading the quick triggering of the explosive reconnection
in a current sheet with D = 1 [Tanaka et al., 2005]. The LHDI is driven by
the diamagnetic current produced by the pressure inhomogeneity around the
outer edges of the current sheet. The pressure gradient is necessary for the
enhancement of the LHDI. Therefore, it is not favorable for the LHDI to be
excited when the thickness of the current sheet becomes thicker and thicker.
Most previous studies on the LHDI are designed in a thin sheet such asD  1
because the LHDI is likely to be discussed with the tearing instability as a
relevant candidate for the trigger mechanism of the explosive reconnection in
the initially thin current sheet [Shinohara and Fujimoto, 2005; Tanaka et al.,
2005; Ricci et al., 2004]. However, now that we have known that the explo-
sive reconnection is triggered via the ATI with  = 2 even in a thick current
sheet such as D = 16, it is meaningful to investigate what a large current
sheet the LHDI can be excited and aect the tearing instability in. Since the
density at the center of the current sheet is increased by the compression, it
may be possible to excite the LHDI at around the edges of the thicker sheet
than D = 1. From these reasons, we conrm whether the LHDI is eective
or not for the tearing instability in such a thick sheet.
This chapter is organized as follows. The two-dimensional numerical mod-
els are described in section 2. The simulation results in the X-Z plane targeted
the tearing instability and the reconnection mode and in the Y-Z plane tar-
geted the LHDI are shown in section 3, and 4, respectively. We compare the
simulation results presented in this chapter with the results in the previous
chapter and discuss the eects of the LHDI in section 5. We summarize the
results in section 6.
3.2 Simulation Setup
In this chapter, we use the 2 1/2-dimensional PIC code, where three com-
ponents of elds and velocities and two spatial dimensions are considered. We
consider x, z spatial components in the X-Z plane in Section 3.3, and consider
y, z components in the Y-Z plane in Section 3.4. The two two-dimensional
models in the dierent plane are depicted in Figure 3.2.1 The Harris cur-
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rent sheet [Harris , 1962]; Bx(z) = B0 tanh(z=L), ncs = n0= cosh
2(z=L),
Jy(z) = encs(Ui + Ue) and Ui=Ue =  Ti;cs=Te;cs, is used as the initial con-
dition. Here L represents the half-thickness of the current sheet. The ion-
electron temperature ratio inside the current sheet is set to be Ti;cs=Te;cs = 8
so that ions mainly carry the cross-eld current. The ions and electrons are
isotropic. The electron frequency ratio is set to be !pe=
ce = 1, where !pe,

ce are the electron plasma frequency and the electron cyclotron frequency,
respectively. The electron thermal velocity is set to be veth=c = 1=3, where c
is the speed of light. A stationary cold background plasma is distributed out-
side the current sheet; nbk(z) = n0;bk[1  cosh 2(z=L)], where n0;bk=n0 = 0:1
and Te;bk = Ti;bk = Te;cs. If the cold background is uniformly introduced,
the ion-ion kink instability can grow [Daughton, 1998] in the Y-Z plane. To
avoid the growth of the instability, we remove the background component
from inside the current sheet. Although there appears a weak pressure im-
balance but the imbalance is quickly relaxed without causing any signicant
modication of the current sheet structure so that it does not aect results
presented below.
No initial magnetic perturbation is imposed in the system. We consider,
instead, the current sheet compression by injecting additional vacuous mag-
netic ux from the z boundaries until the amount of the additional ux gets
comparable to the initial magnetic ux in the system. The injection is re-
alized by imposing a temporal varying electric eld pointing the y direction
at the z boundaries. The time varying electric eld is described by a sine
function and is spatially uniform. The prole of the ad hoc electric eld
is shown in Figure 3.2.2. The amplitudes are determined by computational
costs but give little changes to the central part of the results below.
In the X-Z plane, we perform the two cases, where the simulation box size
is set to be Lx = Lz = 30 normalized by L and the ion-to-electron mass ratio
to be M = 25, and the half-thickness of the current sheet D to be 8, and 16.
The spatial grid of =De = 0:9375 and time step of t
ce = 0:15625 are
adopted, respectively, and 1600 particles per grid represent the unit density.
In the Y-Z plane, we perform the three cases, where the simulation box
size is set to be Ly = 5 normalized by i (large enough to include the LHD
wave) and Lz = 12 normalized by L, and the ion-to-electron mass ratio to be
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M = 400, and the half-thickness of the current sheet D to be 2, 4, and 8. The
high mass ratio suppresses the growth of the drift-kink instability [Lapenta
et al., 2003]. =De = 2=3, and t
ce = 1=9 are adopted, respectively, and
512 particles per grid represent the unit density.
Before and after the compression, the characteristic parameters in the
system can be diered. In order to distinguish the dierence, we particularly
put the superscript \af" on parameters after the compression. For example,
when the magnitude of the asymptotic magnetic eld B0 becomes doubled
due to the compression, we dene Baf0 = 2B0.
As a result of the injection of the magnetic ux mentioned above, the
system theoretically evolves as follows; the strength of the lobe magnetic
eld becomes Baf0  2B0, the density at the current sheet center becomes
naf0  2n0, and the temperature only perpendicular to the magnetic eld
becomes T af?  2T? due to the pressure balance.
Figure 3.2.1: Schematic illustration of the two-dimensional simulation planes.
Dashed black arrows are x, y, and z axes, and solid red arrows represent magnetic
elds Bx, blue arrow represents the current sheet Jy, and green squares represent
the simulation planes. The X-Z plane is orthogonal to the Y-Z plane. We consider
the X-Z plane and Y-Z plane in Section 3.3, in Section 3.4, respectively.
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Figure 3.2.2: Time evolution of the electric elds imposed at the z boundaries in
the cases ofD = 8 (red), D = 16 (green) in the X-Z plane, andD = 2 (blue), D = 4
(purple), and D = 8 (light blue) in the Y-Z plane, respectively. The amplitudes
are determined by computational costs but give little changes to the central part
of the results presented.
3.3 Results: X-Z Plane
In the X-Z plane, the tearing instability and the reconnection mode are in-
cluded but the LHDI is excluded. Figure 3.3.1 shows the time evolution of the
reconnection rate in the case of D = 8 (red), and D = 16 (green). In this g-
ure, the vertical axis is normalized by V afA B
af
0 , where V
af
A = B
af
0 =
q
4min
af
i .
The current sheet compression lasts until t
ci = 255, and 360 in D = 8, and
16 cases, respectively. For simplicity, we do not consider the variation of
the parameters accompanied by the evolution of the ATI and magnetic re-
connection but the compression, and we dene Baf0 = 2B0, n
af
i = 2ni, and
therefore, V afA =
p
2VA. At the beginning of the compression period, there
is no signicant growth of the reconnection rate. At around the end of the
period, the reconnection rate starts to grow, and stagnates at a low level
of 0:02   0:025V afA Baf0 for a while. The explosive reconnection is then trig-
gered at around t
ci = 280 for D = 8, at t
ci = 560 for D = 16 and the
reconnection rate jumps up to  0:2V afA Baf0 . The steep uctuation in the
reconnection rate is due to the secondary tearing in the vicinity of the major
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X-line.
In order to see how the compression process contributes to the triggering
of the explosive reconnection, rst we track the temporal evolution of the
plasma temperature anisotropy produced by the compression. Figure 3.3.2
shows the time evolution of the ion and electron temperature anisotropies
averaged within each of the singular layer in the case ofD = 16. We dene the
singular layer width ds of species s as ds =
p
2sLL, where sL = vs?;th=
cs
is the Larmor radius of species s in the asymptotic magnetic eld B0 and, for
simplicity, do not consider its temporal variation. Both ions and electrons are
initially isotropic so that i = e = 1 at t
ci = 0. During the compression
(t
ci < 360), both ion and electron anisotropies simultaneously start to
increase due to the approximately perpendicular heating by the compression.
The electron anisotropy hits its peak at t
ci = 180 and gradually decreases to
less than unity at t
ci  350. In the meanwhile, the ion anisotropy grows up
to 1:9 and then decreases to less than unity at t
ci = 385. When the system
is one-dimensional and is evolved only by the compression, the temperature
anisotropy will increase and saturate at the end of the period. In the two-
dimensional system including tearing modes, however, the anisotropy can
be consumed by the growth of the ion and electron ATIs. The growth of
the ATI is accompanied by the formation of magnetic islands in the sheet.
To link the reduction of the anisotropies to the growth of tearing modes,
next we track the temporal evolution of the island width as shown in Figure
3.3.3. The denition of the maximum half-width of islands is the same as
that in Chapter 2. This gure shows that the island width increases in time
and it has sudden elevations at around t
ci = 180, 300, and 580. From the
comparison between Figure 3.3.3 and Figure 3.3.2, the rst and second jumps
correspond to the decline of the electron and ion anisotropies, respectively.
The saturation amplitude of the electron ATI is 0:7i and that of the ion ATI
is dicult to be distinguished in the large box case but is roughly located
between 6 10i. The nal jump is associated with the explosive reconnection
since the reconnection rate in the case of D = 16 in Figure 3.3.1 shows the
steep increse at that time.
Figure 3.3.4 shows the E    diagram in the cases of D = 8, and D =
16. The vertical axis is again normalized by V afA B
af
0 . The range of the
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horizontal axis is 0:01 to 5, resulting in the focus of the phase transition
from the ion ATI to the explosive reconnection. The transition seemingly
occurs at =(B0L) = 0:3   0:4 in both cases. In the ion ATI phase, the
reconnection rate stagnates at the level of 0:02 for D = 8, and of 0:01 for
D = 16. Thus, the saturation level of the reconnection rate during the ion
ATI depends onD. On the contrary, in the reconnection phase, the maximum
reconnection rate reaches 0:2 in both cases, indicating that the reconnection
rate is independent of D in this phase. These two features are consistent
with the cases in Chapter 2. In addition, the growth curves of the two cases
during the reconnection phase are similar to each other. We discuss in detail
below by comparison between the two cases presented in this chapter and
cases shown in the previous chapter.
Figure 3.3.1: Time evolution of the reconnection rate in the cases of D = 8
(red), and D = 16 (greed). The vertical axis is normalized by V afA B
af
0 , where
V afA = B
af
0 =
q
4min
af
i . The reconnection rate explosively grows up to 0:2V
af
A B
af
0
regardless of D after the stagnation at a low level.
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Figure 3.3.2: Time evolution of the ion and electron temperature anisotropies
averaged within each of the singular layer in the case of D = 16. The compression
process is taken place between t
ci = 0 and 360. The ion and electron anisotropies
increase simultaneously at around t
ci = 100. After that, the anisotropies are
declined less than unity due to the ATI.
Figure 3.3.3: Time evolution of the maximum width of the magnetic island in the
z direction in the case of D = 16. The island width grows vigorously at around
t
ci = 180, 300, and 600. These three steps correspond to the electron ATI phase,
ion ATI phase, and the explosive reconnection phase, respectively.
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Figure 3.3.4: E  diagram in the cases of D = 8 (red), and D = 16 (green). The
reconnection rate is plotted as a function of the reconnected magnetic ux. The
vertical axis is normalized by the characteristic parameters after the compression.
The range of the horizontal axis is from 0:01 to 5 in order to focus on the ion
ATI and the explosive reconnection phase. The transition from the ion ATI to the
explosive reconnection occurs at around =(B0L) = 0:3 0:4. During the explosive
phase, the reconnection rate evolves almost the same growth curve regardless of
D and reaches  0:2V afA Baf0 .
3.4 Results: Y-Z Plane
In the Y-Z plane, the LHDI is included but the tearing instability and
magnetic reconnection are excluded. Figure 3.4.1 shows color contours of Ey,
which is the dominant component of the LHDI, in the three cases at dierent
times. Figure 3.4.1 (a), (b), and (c) are the results from the cases of D = 2,
4, and 8, respectively. The typical short wavelength signature of the LHDI is
observed clearly in the cases of D = 2, and 4 at approximately z=i = 1=2.
In the local theory of the LHDI [Galeev , 1982; Lapenta and Brackbill , 2002],
the wavenumber kM of the maximum growth rate is described as,
k2M = 2Te=
2
eTi; (3.1)
where i, e are the ion and electron Larmor radius, respectively. Taken the
variation of the Larmor radius by the magnetic ux injection into account,
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the theory predicts that the wavenumber ranges roughly in kyLy = 50  100
from Equation (3.1). From the simulation results, the most unstable mode is
almost my = 12 that corresponds to kyLy  75 in excellent agreement with
the theory. On the other hand, there is no signicant growth of the LHD
wave in the case of D = 8 (Figure 3.4.1 (c)).
Figure 3.4.2 shows that the time history of the Fourier component of
my = 12 for Ey at z=L
af =  2=3 in the three cases of D = 2 (red), 4 (green),
and 8 (blue). We calculate the Laf from the tangential tting to the averaged
z prole of the magnetic eld Bx at each time. The Fourier amplitudes of the
D = 2 and 4 cases grow explosively at t
ci  30 and 160, respectively, corre-
sponding to the linear growth of the LHDI, and then saturate. In contrast,
the amplitude is stable at a low level in the D = 8 case through the whole
period even though the compression process is completed at t
ct = 255, indi-
cating the LHDI does not signicantly grow. This suggests that the current
redistribution eects accompanied by the LHDI are negligible in this thick
sheet. Therefore, the global structure of the current sheet modied by the
compression in D = 8 can be understood as it is in the one-dimensional
system discussed in Chapter 1. To see this, we again describe the solution
derived in Equation (1.17),
Bgx(z; ) = bBx(bz; 0); (3.2)
where we assume  =
R
Bx=B0dz  zBl()=B0 and the compression param-
eter b is adapted to be b  Bl()=B0. From this solution, the diamagnetic
current of species s is obtained as
Jgsy(z; ) = b
2Jsy(zb; 0): (3.3)
We compare these two analytic solutions with the simulation results. Figure
3.4.3 shows the z proles of the magnetic eld and the current density aver-
aged in the y direction at t
ci = 300:1 in the case of D = 8. The averaging
is taken place in consideration of the bend of the current sheet. In Figure
3.4.3 (a), the simulation result and the analytic solution of b = 1:9 are shown
in red and green lines, respectively, showing the complete agreement. In
Figure 3.4.3 (b), the ion and electron current densities at t
ci = 300:1 are
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plotted in red and green curves, respectively. One can nd these proles bi-
furcated inside the current sheet. This current bifurcation is a characteristic
feature during the current sheet compression [e.g., Hoshino, 2005; Schindler
and Hesse, 2008]. According to the previous studies, the bifurcation of the
electron current is caused by the Hall eect and the electric shielding ef-
fect [Schindler and Hesse, 2008]. During the compression, both ions and
electrons are transported toward the neutral sheet, but ions start to be un-
magnetized prior to electrons because of their larger inertia, inducing the
Hall electric eld Ez directed toward the neutral sheet inside the ion inertia
region. The relevant E  B drift motion for electrons enhances the electron
current density. As approaching the neutral sheet, electrons also start to be
unmagnetized, causing the Hall eld to be smoothly shielded. As a result,
the E  B drift current is supressed and the electron current is bifurcated.
Actually, in Figure 3.4.3 (b), the electron current density (green) is almost
equivalent to the E  B drift current (purple) except for the region in the
vicinity of the neutral line.
Let us turn to the ion current. In contrast to the electrons, the Hall eect
on the ions is smaller since the ions are almost unmagnetized in the region.
The prole of the analytic ion diamagnetic current of b = 1:9 is shown in
blue line in Figure 3.4.3. The ion current density (red) and the diamagnetic
current density (blue) almost overlap with each other in the gyrotropic region
far away from the center. However, as the ions start to be unmagnetized, the
ion current reduces to form the bifurcated structure. This ion bifurcation is
explained by momentum conservation [Hesse and Winske, 1998; Schindler
and Hesse, 2008]. According to Hesse and Winske [1998], global momentum
balance in the domain V can be described in the form
d
dt
Z
V
JidV =
mi
me +mi

me
mi
dI
dt
+ eMf

; (3.4)
d
dt
Z
V
JedV =
mi
me +mi

dI
dt
  eMf

; (3.5)
where Mf is the momentum ux through the boundary of the domain V ,
which vanishes in the present case because of vanishing current density at
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the boundaries, and I is the integrated current
I =
Z
V
(Ji + Je)dV: (3.6)
Assuming me=mi << 1 and calculating the time integration, one can nd
from Equation (3.4) Z zb
0
Jiy()dz =
Z zb
0
Jiy(0)dz; (3.7)
where zb is the z boundary location. Equation (3.7) shows that the total
amount of the ion current in the domain is conserved in time and this is the
case within a few percent in our simulations. Therefore, the reduction of the
ion current density is understood as the compensation for the enhancement of
the diamagnetic current in the gyrotropic region. As a result, the ion current
density also forms the bifurcated structure. Thus, without the excitement of
the LHDI, the change of the current sheet prole due to the compression is
simply understood in the same way as the one-dimensional system.
On the other hand, if the LHDI is excited at the edges of the current
sheet, the current density is reduced and the unmagnetized electrons in the
vicinity of the neutral sheet are accelerated by the induction electric eld
accompanied by the current sheet thinning [Shinohara and Fujimoto, 2005].
Therefore, the proles of the magnetic eld and current densities are modied
further than those due to the compression. To see this, we plot in Figure 3.4.4
the z proles of the magnetic eld and the ion and electron current densities
before (t
ci = 160) and after (t
ci = 172:1) the excitation of the LHDI in
D = 4. In Figure 3.4.4 (a), the proles of the magnetic eld Bx before and
after the excitation are shown in red and green lines, respectively. In this
gure, the prole after the excitation is modied from that before, especially,
at z=i   1:0. In Figure 3.4.4 (b), the ion and electron current densities
before and after the excitation are shown in red and green lines (before),
and blue and purple lines (after), respectively. The bifurcated structures
before the excitation are similar to those in Figure 3.4.3 (b). In contrast,
after the excitation the current reduction occurs at z=i   1:5, which is
consistent with the location of the LHD waves (see Figure 3.4.1 (b)), and in
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turn the ion and electron current densities are enhanced near the neutral line
(z=i  0:25). These further modications result from the nonlinear eects
of the LHDI.
Figure 3.4.1: Color contour of Ey in the
three cases of (a) D = 2 (t
ci = 50:1),
(b) D = 4 (t
ci = 172:1), and (c) D = 8
(t
ci = 300:1). In the cases ofD = 2, and
4, the LHDI is excited, but in the case of
D = 8, there appear no signicant waves.
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Figure 3.4.2: Time history of the Fourier amplitudes of my = 12 mode for Ey
at z=Laf = 2=3 in the three cases of D = 2, 4, and 8.The fourier amplitudes of
D = 2 and 4 cases grow explosively at t
ci  30 and 160, respectively, and then
saturate, but it does not grow in D = 8 case even though the compression process
is completed at t
ci = 255.
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Figure 3.4.3: z proles of (a) magnetic eld Bx, (b) the ion and electron current
densities in the case of D = 8 at t
ci = 300:1, when the compression is completed.
(a) Magnetic eld Bx (red) is averaged over the y axis and the analytic solution
of b = 1:9 is also shown (green). These proles are completely equivalent. (b) Ion
current density (red), electron current density (green), the analytic solution of the
ion diamagnetic current (blue), and the E  B drift current (purple) are shown.
The simulation results are averaged over the y axis. The ion and electron current
densities are bifurcated. The main component of the ion current density is the
diamagnetic current and that of the electron current density is the E  B drift
current.
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Figure 3.4.4: z proles of (a) magnetic eld Bx and (b) the ion and electron current
densities before (t
ct = 160) and after (t
ci = 172:1) the excitation of the LHDI
in the case of D = 4. (a) The proleds of the magnetic eld Bx before and after
the excitation are shown in red and green lines, respectively. The Bx prole is
modied from the tangential curve, especially, at z=i   1:0. (b) The ion and
electron current densities before and after the excitation are shown in red and
green lines (before), and blue and purple lines (after), respectively. The current
reduction and enhancement occur o the current sheet center (z=i   1:5) and
near the current sheet center (z=i  0:25), respectively, due to the excitation of
the LHDI.
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3.5 Discussion
We have shown that the explosive reconnection is triggered via the tearing
instability boosted up by the spontaneously generated temperature anisotropies
by the compression. The maximum reconnection rate reaches at a fast level
of  0:2V afA Baf0 in the proper normalization and it is independent of D.
These signatures are consistent with those obtained in the large box cases in
Chapter 2. It is meaningful to compare these results. Figure 3.5.1 shows that
the E  diagram in the compressive and incompressive cases of D = 8, and
16, respectively. The incompressive cases represent the results in Chapter
2. For comparison, the vertical axis is normalized by V afA B
af
0 . Note that
V afA B
af
0 = VAB0 for the incompressive cases. The horizontal axis is ranged
from 0:1 to 2, resulting in the focus on the transition to the explosive phase.
The transition occurs at 0:25B0L, and 0:17B0L in the incompressive cases
of D = 8 (red), D = 16 (green), respectively, and at around 0:3B0L in the
compressive cases (blue and purple). These growth curves are almost over-
lapped with each other, especially, in the explosive phase and reach at a fast
rate over 0:1V afA B
af
0 . This indicates that the behavior of the explosive re-
connection is equivalent in both compressive and incompressive cases in the
normalization of V afA B
af
0 . In addition, Figure 3.5.2 shows the time evolution
of the maximum island width in the compressive and incompressive cases of
D = 8 (red and blue) and 16 (green and purple), respectively. The horizontal
and vertical axes are normalized by 
afci and by 
af
i , respectively. Again note
that 
afci = 
ci and 
af
i = i for the incompressive cases. Seemingly, the time
history of the island width is quite equivalent between the compressive and
incompressive cases with the same D except for the time delay corresponding
to the compression period. The amplitude of the electron ATI is at the level
of  1afi and that of the ion ATI is  10afi . These signatures are also
consistent with the incompressive cases.
Thus, there are not large quantitative dierences in the evolution of the
explosive reconnection and island width between those cases initiated by the
ATI boosted by the initially prepared anisotropy and the spontaneously gen-
erated anisotropy by the compression. This implies that the arguments dis-
cussed in the previous chapter could be applicable to the compressive cases.
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In the real world, the current sheet compression as a result of the convection
and pile-up of magnetic elds will occur commonly at reconnection sites, for
example, in the magnetopause [e.g., Phan et al., 2011], in the magnetotail
[e.g., Asano et al., 2004], and in the solar corona [e.g., Forbes and Priest ,
1995]. In such conditions the temperature anisotropy is likely to be gener-
ated in a current sheet, leading the formation of magnetic islands having a
substantial amplitude via the ATI. Actually, the satellite observations in the
solar corona show the signature of the tearing instability prior to the solar
are [e.g., Liu et al., 2010]. Therefore, the fact that the results presented in
this chapter are consistent with the results in the previous chapter is very
important in enabling the arguments discussed in the previous chapter to be
applicable in the real world.
We have also investigated whether the LHDI is enhanced or not in a
thick sheet in the Y-Z plane. With the current sheet compression, the LHDI
becomes unstable enough at the edges of the current sheet to make the redis-
tribution of the proles of the current density and magnetic eld nonlinearly
even in a thick sheet such as D  4. However, as the initial thickness of
the current sheet becomes thicker (D  8), the LHDI does not show the
signicant growth, thereby the nonlinear eects. Consequently, the proper-
ties of the tearing instability are expected not to be aected by the LHDI in
the current sheet (D  8). In this study, the Kelvin-Helmholtz instability,
which is enhanced by the shear ow between the background ions and the
current-carrying ions and is suggested to couple with the LHDI nonlinearly
[Shinohara et al., 2001], does not taken into account since the instability is
strongly suppressed in a thick current sheet [Yoon et al., 1996].
On the basis of the results obtained in the two separate planes, we can
predict behavior in a three-dimensional system. That is, the ion and electron
ATIs will initiate the explosive magnetic reconnection without the any help
of the LHDI in a thick current sheet such as D = 16.
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Figure 3.5.1: E  diagram. Comparison between the compressive cases of D = 8,
16 and the incompressive cases of D = 8, 16 in the previous chapter. The vertical
axis is normalized by V afA B
af
0 (Note that V
af
A B
af
0 = VAB0 for the incompressive
cases). (P) in the legend represents the compressive case. After the explosive
triggering in both cases (=(B0L) > 0:3), the growth curves are almost over-
lapped with each other, indicating that the behavior of the explosive reconnection
is equivalent in both compressive and incompressive cases in the normalization of
V afA B
af
0 .
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Figure 3.5.2: Time evolution of the maximum island width. Comparison between
the compressive cases of D = 8, 16 and the incompressive cases of D = 8, 16
in the previous chapter. The horizontal and vertical axes are normalized by 
afci
and by afi (Note that 

af
ci = 
ci, 
af
i = i for the incompressive cases). (P) in
the legend represents the compressive case. The time history and the saturation
amplitudes of the electron and ion ATIs are equivalent between the compressive
and incompressive cases with the same D, though there exists the time delay
corresponding to the compression period.
3.6 Summary
In this chapter, we have demonstrated in the X-Z plane that the explosive
magnetic reconnection is initiated by the ATI accompanied by the current
sheet compression even in the thick sheet with initially D = 16. This demon-
stration extends the results obtained in the previous chapter to those in the
more realistic condition. Importantly, the quantitative characters of the ex-
plosive reconnection and the saturation amplitudes of the ion and electron
ATIs are equivalent. In addition, we have shown in the Y-Z plane that the
LHDI does not show the signicant growth, thereby the nonlinear eects on
the properties of the tearing instability in the initially thick sheet (D = 16).
These results in the two separate planes allow us to predict that the explosive
magnetic reconnection is triggered via the ion and electron ATIs in the lack
of the support of the LHDI.
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Concluding Remarks
In this chapter, summary, conclusion and future perspective are shown.
In Section 4.1, summary of this thesis is presented. In Section 4.2, future
perspectives are mentioned.
4.1 Summary and Conclusion
We have investigated the parametric dependence on the evolution of mag-
netic reconnection, focusing on the roles of the ATI and the LHDI in a
thick current sheet. We have carried out a sophisticated parameter survey
over a space dened by the initial current sheet thickness (D), the ion-to-
electron mass ratio (M), the simulation box size (Lx), and the ion and elec-
tron anisotropies () using full particle simulations. In the X-Z plane, we
have focused on the saturation amplitudes of the electron and ion ATIs, the
maximum reconnection rates during the ion ATI and the explosive reconnec-
tion phase. In order to clarify the evolution of the system, we have divided
it into the three stages and discussed the parametric dependence on each
stage and on the transition between the stages in detail. The remarkable re-
sults are as follows: The saturation amplitude of the ion ATI is independent
of M as long as the simulation box size is large enough for the ion ATI to
grow signicantly, the maximum reconnection rate during the ion ATI phase
depends on D 1, the phase transition from the ion ATI to the explosive re-
connection is independent of M , the explosive reconnection triggered via the
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ATIs has the D-, M -, -independent growth curve in the E  diagram and
reaches the fast reconnection rate of  0:2VAB0, and the formation of the
dual structure during the ion ATI in the vicinity of the X-line contributes
to the characteristic property. The D-independent reconnection rate has a
potential to explain the explosive nature of magnetic reconnection even in
a thick sheet such as D >> 1. From the parameter survey in D,  in the
large and small boxes with M xed at 25, we have pointed out the border in
the D  space whether or not the large-scale reconnection is achieved with
the fast rate via the ion ATI and reached the implication that the explosive
reconnection is triggered in the large box as long as the ion ATI is excited in
the small box with given parameters. This implication enables us to predict
that the explosive reconnection is triggered via the ion ATI in an unattain-
able large box case. In addition, we have conrmed that the triggering of
the explosive reconnection via the ATIs obtained by setting the temperature
anisotropy initially is also obtained in the case where a thick current sheet
is compressed. In the compression process, what we have found is that it is
the creation of anisotropy than the reduction of the current sheet thickness
that matters by far more for the triggering of magnetic reconnection. In the
Y-Z plane, we have focused on whether or not the LHDI is excited enough
to aect the tearing mode nonlinearly. As a result, we have found that the
LHDI does not aect the tearing mode in the thick sheet such as D  8.
Based on these results, we are convinced that the two-dimensional treatment
of the problem is sucient and reach the conclusion that the temperature
anisotropy boosted tearing mode is eective to trigger magnetic reconnection
having the D-, M -, -independent explosive nature even in a current sheet
thicker than one order of magnitude of the ion scale without any support of
the LHDI.
It would be meaningful for us to return to the trigger problem mentioned
Chapter 1 with these results. The trigger problem says that the fast recon-
nection is switched on after an extended period of time without a signicant
release of the magnetic energy enough to be loaded with a large number of
magnetic elds. In other words, there exists the clear distinction between
the energy loading phase and the subsequent energy release phase. That is,
during the loading phase, an insucient reconnection that leads the stored
114
energy in a less dramatic manner should take place and a \stealthy" change
toward the main phase is needed. This distinction is realized in the contrast
between the D 1-dependent reconnection rate during the ion ATI and the
D-independent reconnection rate during the explosive phase. Actually, in
the D = 32 case, the maximum reconnection rate during the ion ATI phase
is 0:005VAB0, which is only 2.5% of the fast reconnection rate ( 0:2VAB0).
On the other hand, the dual prole is formed during the ion ATI phase not
through the compression. Our understanding is that the energy loading phase
corresponds to the ion ATI phase and the stealthy change corresponds to the
formation of the dual prole of magnetic eld, that is, the embedding of the
D-independent structure inside the D-dependent structure. In this sense,
we emphasize the importance of the ion ATI for the explosive triggering of
magnetic reconnection.
4.2 Future perspective
4.2.1 To the Various Field Conditions
In this thesis, we have considered the antiparallel magnetic eld condition.
The existence of the guide eld, which is the out-of-plane magnetic eld (By0),
has been ignored. In general, a certain amount of the guide eld should
be included in the system because the antiparallel condition is quite ideal.
However, the results presented in the antiparallel system are fundamental
and lay the foundation of cases with the guide eld. The eects of the guide
eld on magnetic reconnection and the tearing instability have been studied
by many authors [e.g., Karimabadi , 2005a,b; Daughton, 2005; Ricci et al.,
2004; Pritchett and Coroniti , 2004; Hesse et al., 1999]. On the whole, the
eld works as a suppressor to the growth of these physical processes since the
resonant particle orbit could be modied by the eld in the central region of
the current layer. However, previous research have shown that the ordinary
tearing instability maintains a signicant linear growth rate over a large range
of the guide eld (0 < By0=B0 < 1) [Daughton, 2005], and a moderate guide
eld (By0=B0 < 1) has relatively little eect on the nonlinear reconnection
rate [Pritchett and Coroniti , 2004]. Moreover, we have shown in this thesis
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that the ion ATI is more important than the electron ATI to initiate the
explosive reconnection. Ions are less subject to magnetization than electrons
because of their larger inertia. For these reasons, we can expect that the
results presented in this thesis are little aected by the moderate amount of
the guide eld.
4.2.2 To the Various Plasma Environment
In this thesis, we xed the ratio of the electron frequencies !pe=
ce to
be 1. However, the realistic ratio ranges from 10 to 100 in the magneto-
sphere. As shown in Figure 4.2.1, a wide range of plasma parameters should
be considered for more comprehensive understandings on the tearing insta-
bility and magnetic reconnection. However, the higher the ratio is used, the
more computational memories are needed. For instance, when the ratio is
doubled, the required memories become four times in two-dimensional sim-
ulations. Therefore, there exists the upper limit above which no simulations
are executable. The frequency ratio is related to that of the electromagnetic
to electrostatic contribution to the tearing instability. The tearing mode
becomes much more electrostatic as the frequency ratio approaches unity
[Daughton, 2005]. The electrostatic contribution is important in accurately
computing the linear growth rate for an ion scale current sheet [Hoshino,
1987], but is less important as the current sheet becomes thicker and thicker.
In addition, it is known that the nonlinear reconnection rate does not depend
on the ratio [Zenitani et al., 2011]. Therefore, in a thick current sheet, which
we are interested in, the unrealistic low ratio may not be too misleading,
but it is necessary to directly conrm the dependence by performing another
case.
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Figure 4.2.1: Typical parameters of various plasma environments. Solid lines
represent the plasma frequency to the gyrofrequency ratio !pe=
ce = 3:2 
10 3(n[cm 3])1=2=B[Gauss] [Rees and Reinhardt , 1972; Troland and Heiles, 1986;
Sonnerup et al., 1981; Hughes, 1995; Priest and Forbes, 2002; Lazarus et al., 2006;
Egedal et al., 2007].
4.2.3 To the Critical Conditions for the Magnetic Re-
connection Triggering
We have divided the system evolution into the three stages; the elec-
tron ATI phase, the ion ATI phase, and the reconnection phase. In our
results in the large current sheet, the ion ATI and the reconnection phases
are distinguishable, for example, from the variation in the reconnection rates.
However, the distinction between these phases has not been clearly pointed
out in previous studies [e.g., Tanaka et al., 2011; Ricci et al., 2004] because
they used relatively thin current sheets. In a thin current sheet, the distinc-
tion becomes invisible because the transition between these phases is quick
and there is no signicant stagnation period of time. Actually, comparing
between the growth curves in the cases of D = 4, and D = 16 in the E   
diagram (Figure 2.5.3), one can nd that the reconnection phase and the
ion ATI phase are more smoothly connected in the D = 4 case since the
reconnection rate during the ion ATI phase is faster in the case. Conversely,
such a case of a thick current sheet enables us to detect the phase transition.
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What are the critical conditions under which such a phase transition occurs?
This is a very important issue for understanding the underlying physics of
magnetic reconnection. The thick sheet case provides a chance to analyze
the critical conditions. We will take advantage of this opportunity in future
studies.
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Generalized Ohm's Law
The generalized Ohm's law is derived from the momentum equations for
ions and electrons as
E+
v B
c
= j+
jB
nec
  rPe
ne
  me
ne2

@j
@t
+r  (jv + vj)

; (A.1)
where assuming the charge neutrality ni = ne = n, and mi=me >> 1. Under
the ideal MHD condition, the terms in the right hand side of the Equation
(A.1) vanish since ions and electrons are treated as a single uid so that
plasma is frozen into ambient magnetic eld. The variations of the simula-
tion codes introduced in Section 1.5 are produced by the dierence in the
treatment of the terms. For instance, the resistive MHD is considered the
rst resistive term in the right hand side of the Equation (A.1), and the
Hall-MHD is considered the rst term and the second Hall term. By a sim-
ple dimensional analysis, we can obtain considerable terms in characteristic
scales of interest. For the rst term, it is derived as
jjj
jv B=cj =
j c
4
rBj
jv B=cj 
VA
V

L
; (A.2)
where  = c=(4VA) is a spatial scale of a diusion process and L, V are the
characteristic spatial and velocity scales, respectively. From this equation, we
know that the rst term is negligible when  << L. Similarly, the second,
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the third, and the fourth terms are estimated as
j 1
ne
jBj
jv Bj 
VA
V
i
L
; (A.3)
j 1
ne
r Pej
jv B=cj 
ve
V
eL
L
; (A.4)
jme
ne2
@j
@t
j
jv B=cj 

e
L
2
; (A.5)
where i, eL, and e are the ion inertial length, the electron cyclotron radius,
and the electron inertial length, respectively. Comparing the characteristic
scale length of interest with these physical lengths, we can nd which terms
are negligible to the second term in the left hand side of the Equation (A.1).
As shown in Section 1.5, we can conrm from this simple analysis that the
Hall term becomes important, when the spacial scale of the reversed magnetic
elds becomes comparable to the ion inertial length.
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Harris Sheet Model
We introduce the exact solution of the Vlasov equation for an one-dimensional
equilibrium plasma and magnetic eld distribution, or the Harris solution
[Harris , 1962]. The set of equations are as follows:
v  @fs
@x
+
es
ms

E+
v B
c

 @fs
@v
= 0;
r  E = 4
X
s
es
Z
fsdv;
rB = 4
c
X
s
Z
vfsdv;
fs =

ms
2Ts
3=2
ns(z) exp

 ms
2Ts
v2x + (vy   Vds)2 + v2z

;
(B.1)
where a particle distribution function is assumed to be a local shifted Maxwellian
by the constant drift velocity of species s Vds along the y direction. When
considered in an one-dimensional system (@=@x = @=@y = 0; @=@z 6= 0), we
know that the energy and the momenta conjugate to x and y are constants
of the motion. These are
H =
1
2
ms(v
2
x + v
2
y + v
2
z) + es;
px = msvx;
py = msvy +
es
c
Ay;
(B.2)
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where A is the vector potential,  is the scalar potential. Since the dis-
tribution function is written with the constants of the motion, substituting
Equation (B.2) into the distribution function of Equation (B.1), we obtain
fs = nx(z) exp

 esVds
cTs
Ay

ms
2Ts
3=2
exp

 H
Ts
+
Vds
Tj
py   ms
2Ts
V 2ds +
es
Ts

:
(B.3)
From Equation (B.3) and the Liouville theorem, we obtain
ns(z) exp

 esVds
cTs
As +
es
Ts

= n0 = const: (B.4)
The variation of density is expressed by the change of the vector and scalar
potentials. Assuming the charge neutrality (ni = ne = n0) and  = 0, we
can derive from Equation (B.4)
Vdi
Ti
+
Vde
Te
= 0: (B.5)
A dierential equation for the vector potential is obtained from Equation
(B.1) and Equation (B.3) as
  @
2
@z2
Ay =
4en0
c
(Vdi   Vde) exp

esVds
cTs
Ay

: (B.6)
Under the condition of d
dz
Az(z = 1) = 0, we can solve Equation (B.6) and
obtain the solution as
Ay(z) =   2cTs
esVds
log cosh
 z
L

; (B.7)
where
L =
 
!2ps
c2
V 2ds
v2th;s
Ti + Te
Ts
! 1=2
; !ps =
4e2n0
ms
; vth;s =

2Ts
ms
1=2
: (B.8)
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From this solution, we obtain the following plasma parameters;
Bx(z) = B0 tanh
 z
L

;
n0(Ti + Te) =
B20
8
;
n(z) = n0 cosh
 2
 z
L

;
Vds =
2cTs
esB0L
:
(B.9)
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